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Abstract

Edible devices are an emergent technology which seek to provide researchers and health
professionals with smart constructs to monitor the gastrointestinal tract without the traditional
risks of retention as they are constructed from bioresorbable materials. However, this field is very
much still in its infancy and as such, simple materials development to enable these ingestible
technologies needs to be explored. To aid in the state-of-the-art of this scientific field a variety of
edible materials were modified to display smart functionalities such as conductivity, actuation,
solvent extraction and self-healing were developed.
Using a gellan gum/gelatin ionic-covalent entanglement (ICE) hydrogel and ionic salts, a simple
method of producing conductive, robust, edible hydrogels was developed. It was found that
addition of NaCl after crosslinking was able to produce ICE gels with a conductivity of 200 ± 20
mS/cm and a compressive stress at failure of 1.4 ± 0.2 MPa. Using this optimised formulation, a
variety of edible devices were developed.
Hand-held reactive printing was utilised to pattern highly conductive, versatile, edible ICE
hydrogel wires which showed no loss in conductivity when printed compared to cast samples. A
simple, robust, edible resistive strain gauge/pressure sensor and a more complex edible capacitive
pressure sensor were developed using this ICE gel formulation which showed repeatable and high
sensitivities to applied stresses.
An ingestible actuator was developed using non-toxic poly(acrylic acid) and antacid calcium
hydroxide. When exposed to simulated gastric fluid the neutralisation reaction of the calcium
hydroxide preserved the poly(acrylic acid)/calcium hydroxide hydrogel samples from degradation
and induced an actuation mechanism. Furthermore, this actuation was demonstrated to be
reversible using sodium citrate.
Robust poly(dimethylsiloxane) sponges were produced via a novel spontaneously self-removing
sacrificial templating method. These PDMS sponges were demonstrated to have customisable
i

tensile properties by tailoring of the pore sizes and were used as a substrate for a gold leaf spring
to make edible electrodes. Furthermore, these sponges showed selective adsorption of toxic
solvents from simulated gastric fluid, enabling a possible alternative method of toxin removal
than conventional stomach-pumping techniques.
Lastly, a self-healing hydrogel electrode was produced using an interpenetrating polymer network
of sodium tetraborate crosslinked polyvinyl acetate and food grade gelatin. An optimised novel
combination of these hydrogels displayed synergistic strengthening with full self-healing of
compressive and electrical properties within 1 minute and full self-healing of tensile properties
within 1 hour.
From the research conducted during this thesis we have developed and analysed a range of novel
bioresorbable materials sourced from commercially available, non-toxic products and modified
to display a variety of smart functionalities to aid in the state-of-the art of edible device
applications.
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Chapter 1 Introduction

Chapter 1 Introduction
1.1 Bio-compatible devices
Over billions of years of natural selection, nature has developed an almost unimaginable amount
of diversity and abundance of life. Out of this long and arduous process has come one of its most
complex and important creations; the gastrointestinal (GI) tract. The GI tract or digestive tract is
a sophisticated and interconnect organ system consisting of the mouth, oesophagus, stomach, the
small & large intestine and the anus, figure 1.1.1–4 Its role is to extract nutrients from the food we
consume to provide the chemical energy needed for every step, breath or thought we will ever
have. For much of mankind’s history our ability to intervene in the treatment and maintenance of
the GI tract was limited to basic herbal remedies and primitive surgeries. 5 Over the millennia a
variety of technologies have been developed to aid in our collective pursuit to monitor and remedy
the digestive tract, such as endoscopy6,7, radiology8–10, tomography11, sonography12, magnetic
resonance imaging13–15 and laparoscopic surgery.16,17 As we progress through the 21st century the
advances which have been made in electronic miniaturisation and biocompatible materials
development has led to a renascence of medical innovation to treat and maintain this organ
system.18–22 The ability to design intricate biocompatible tools have allowed medical professionals
to develop a vast variety of smart devices which can provide complex diagnosis and treatment
options in vivo.18–22 The most prominent of these technological advancements are the new
generation of electronic capsules and smart surgical implants.
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Figure 1.1 Anatomy of the digestive tract/GI tract. Adapted from reference 23.

1.1.1

Surgical implants

In 1958, a medical milestone was achieved when the first implantable pacemaker was used to
extend the life of Swedish engineer Arne H. W. Larsson such that he outlived both the inventor
and surgeon of the pacemaker.24,25 Since then pacemakers have become lifesaving medical
devices as they are able to maintain a regular heart rate in response to a blood clot or naturally
failing heart. They work via implanted electrodes in the atria and ventricles which stimulate the
muscle chambers to contract and pump blood by means of controlled electrical impulses, figure
1.2A.26 Being one of the first complex implantable medical devices, the advances made in
pacemakers technology have been used as a standard for other implantable devices. For example,
the first battery used for pacemakers was a nickel-cadmium battery as it was able to be charged
via induction. However, these batteries were very inefficient, requiring charging once a month for
an entire night.25 Moreover, these pioneering devices were encased in an epoxy resin or silicone
rubber which would commonly lead to infection, tissue scarring and eventually be invaded by
bodily fluids.27 Modern medical implant batteries typically use lithium-iodine fuel cells as they
2
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have a much longer and predictable lifespan.28 Furthermore, contemporary casings have replaced
epoxy resin and silicone rubber with inert metals, usually titanium.25,26 In addition to this, the
invention of microprocessors have allowed for smart functionalities, such as dynamic pacing rates
for different activity levels, data telemetry and automatic resynchronisation of ventricular
contractions.28 The realisation of the pacemaker marked the start of mankind’s ability to augment
ourselves with our technology to aid in the treatment and diagnosis of our health. Since then a
variety of scientific marvels have been realised, such as the cochlear ear implant.
The cochlear ear implant builds on previous discoveries made from advancements in pacemaker
technology to create the first genuine means to treat hearing loss, the most effective neural
prosthesis ever created and perhaps the foundational invention of the entire field of bionics.29 This
device works via a microphone which, using a digital sound processor, converts the sounds
recorded into an electrical signal which stimulates the cochlear nerve via implanted electrodes,
figure 1.2B.30 Since then there has been an exponential increase in intricate implantable devices,
such as artificial hearts31, neuro prosthetic limbs32 and the bionic eye.33,34 However, when
discussing the gastrointestinal tract specifically very few medical implants exist, most of which
are quite simple in nature such as gastric balloons.

Figure 1.2 Diagram of A) a pacemaker and B) a cochlear ear implant. Adapted from reference A) 35
and B) 36.
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Gastric balloons are used as a dietary aid in extreme cases of obesity, typically with patients with
BMI over 30, by inducing an artificial feeling of fullness.37,38 They work by inserting a silicone
balloon into the stomach via endoscopy through the oesophagus and inflating it with air or fluid,
thereby limiting the amount of food the stomach can hold, figure 1.3A.37–39 These devices are
however temporary due to the harsh environment of the stomach and have to be replaced every 6
to 12 months.37 A similar dietary aid device used on the stomach are gastric bands.
Contemporary gastric bands are silicone devices that work in a similar fashion to the gastric
balloon by reducing the volume of the stomach. The gastric band achieves this by being tied to
the upper outside of the stomach and inflated to make the stomach effectively smaller, reducing
appetite, figure 1.3C.40 This medical implant differs slightly to the gastric balloon as it is inserted
via laparoscopic surgery and is a more permanent solution because it does not interact directly
with the contents of the stomach.41 However, these implants are more prone to complications such
as slippage, band erosion and gastroesophageal dilatation.40,41 The gastric band and balloon are
examples of simple GI tract implants, but these devices do not reflect the complexity shown in
other smart medical implants. One of the only commercial GI devices which utilise our current
technological advancements for smart medical implants are gastric electrical stimulation devices.
Gastric electrical stimulation devices are medical implants attached to the outside of the stomach
and are similar in nature to pacemakers as they provide electrical neurostimulation to the stomach,
figure 1.3B.42,43 They are designed to aid in the treatment of gastroparesis; a medical condition of
weak muscular contractions which leave food in the stomach for unhealthy amounts of time.44
This treatment is achieved using electrical pulses to the stomach which stimulate the enteric
nervous system into action and/or interrupt the motility cycle. It has also been proposed as another
obesity treatment as the electrical stimulation is thought to result in gastric peristalsis inhibition,
reduced stomach accommodation and gastric distension.42,45
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Figure 1.3 Diagram of a multiple compartment gastric balloon, B) a gastric electrical stimulation
device and C) a gastric band. Adapted from references A) 46, B) 47 and C) 48.

Despite the importance and fragility of the GI tract, few implantable medical devices have
emerged when compared to the other organ systems in the body. This is a result of the compressive
forces, harsh pH environment and saline fluids making prolong devices extremely difficult and
risky to implement. However, from the recent progress made in the miniaturisation of electronics
a new field of research has emerged to help remedy this issue of smart GI treatment/diagnosis
options. This technology is known as electronics capsules.

1.1.2

Electronic capsules

Gastrointestinal (GI) conditions are one of the most prevalent health concerns within society. An
estimated 10-15% of Americans suffer from irritable bowel syndrome (IBS)49 and stomach cancer
causes the second highest cancer related deaths.50 However, although these illnesses are
widespread, the detection of GI conditions before they become symptomatic is extremely rare;
with 76.6% of people suffering from IBS going undiagnosed.51 This is most likely a result of
5
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current methods of monitoring the GI tracts, such as endoscopy, colonoscopy and surgery, being
expensive, dangerous and very invasive. Recently, a less invasive, simpler alternative has
emerged known as electronic capsules.
The digital revolution has driven the miniaturisation of electronics and, as a result, the equipment
required to carry out traditional GI monitoring and treatments can now be encased within a pill
sized device, figure 1.3.52,53 These pill sized devices are known as electronic capsules. Electronic
capsules are small, swallowable devices which pass through the digestive system performing a
wide range of functions to help improve or diagnose the condition of the GI tract.53–56 This has
provided physicians with cheaper, simpler and safer alternatives to conventional GI monitoring
and treatment techniques. One such application of electronic capsules is capsule endoscopy.
Typical endoscopies are performed via a camera with an attached optic fibre encased within a
flexible tube being physically inserted into the organ being examined. With this procedure all
power supplied and video processing is provided outside the body.56 Capsule endoscopy enables
the capturing of images of the digestive tract by swallowing a simple pill sized device with all
components necessary to record images (battery, camera, antenna, sensors, light source) enclosed
within the capsule, figure 1.3A.57 As a result of this technology, images of the GI tract can be
obtained without the need for exposure to ionising radiation, anaesthesia or sedation, making it
especially useful for paediatrics.53

Figure 1.4 Block diagram a) and relative size b) of endoscopy capsule. Adapted from McCaffery et
al.58
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An additional application of this technology is localised drug delivery. By utilising capsule
technology, more sophisticated drug delivery methods have been developed which allow for
precise localised drug delivery59 and time controlled release of medication.54 In addition to this,
by combining drug delivery capsules with wireless GI monitoring, real time analytics can be
performed to optimise drug effectiveness.55
Furthermore, these electronic capsules have enabled physicians to obtain real time analytics of
the physiological parameters of the GI tract. Using electronic capsules information about the pH
of the stomach60, dissolved oxygen57, compressive force of digestion61, temperature62 and internal
bleeding63 can be obtained. Additionally, medication adherence monitoring has been
demonstrated.64 This allows a signal to be wirelessly detected to confirm whether medication has
been ingested and in the correct amount. This has shown to assist patients who suffer from
Alzheimer’s or dementia.
However, capsule retention occurs in approximately 1.9% of cases.52 Therefore, if regular
diagnosis or treatment is required, i.e. weekly, this high probability of retention means that
eventually one of these electronic capsules will become stuck. Consequently, as these devices are
comprised of materials which are not digestible and contain hazardous/toxic components,
extraction is required in the form of colonoscopies, push enteroscopy or, most commonly,
surgery.52 To overcome this issue, a new field of research has emerged which strives to emulate
these apparatuses, but using digestible materials. This field of research has been referred to as
edible devices/electronics or bioelectronics.

1.2 Edible devices
Edible devices, also known as bioresorbable electronics, are a state-of-the-art field of scientific
research which explores the development of swallowable smart devices constructed of edible or
non-toxic components that are able to be of reabsorbed by the digestive tract.65–68 By being
constructed of consumable materials, these edible devices avoid the traditional risk of toxicity,
7
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infection and immunogenicity that contemporary medical constructs possess.52 However, this
field is very much still in its infancy and as such basic bioresorbable component development is
needed, such as consumable power sources like batteries and supercapacitors.

1.2.1 Batteries

The human body requires an average daily intake of vitamins, minerals and trace elements to
maintain a healthy lifestyle, table 1.1.69 The chemistries of many of these nutrients can be
exploited to construct simple ingestible galvanic cells that can then be used to power edible
devices.
Several bioresorbable primary batteries have been demonstrated which use the essential mineral
magnesium (Mg) as an anode. Bioresorbable batteries consisting of a Mg foil anode and cathodes
constructed of either iron (Fe), molybdenum (Mo) or tungsten (W) foil have been demonstrated,
figure 1.5.70 These devices were able to operate at voltages of approximately 0.75 V, 0.45 V and
0.65 V for 24 hours using Fe, Mo and W cathodes, respectively.70 In addition to this, the Mg/Mo
batteries placed in a stacked configuration were able to increase the voltage output to
approximately 1.5 V for 6 hours.70 Furthermore, a metal-air battery was constructed which used
Mg as an anode and oxygen (O2) as the cathode via a silk fibroin‐polypyrrole film electrode.71
This primary battery displayed a steady output of approximately 1.14 V for 19.3 hours upon
enzyme exposure.71
One of the first commercially available bioresorbable batteries on the market was the medication
adherence device; the Proteus Discover system.72 The apparatus utilised a Mg anode and Copper
(Cu) cathode to produce a circuit potential of approximately 1.85 V for 4 minutes.65,72 This system
sends a telemetric signal to a wearable device to confirm medication adherence for patients with
a specific focus on people with Alzheimer’s or dementia.65,72
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Figure 1.5 Breakdown of a Mg/Mo battery in phosphate buffer solution (PBS) at 37 oC. Adapted
from Yin et al.70

A rechargeable ‘green’ secondary battery has been demonstrated by the Guo group.73 The device
utilises the redox‐active biomolecules emodin and humic acid as the cathode and anode,
respectively.74 This power source was able to supply 1.5 V over 100 cycles to power an electric
watch.73,74 However, this formulation applied carbon nanotubes as the anode electrode, so would
require slight modification to operate as an edible battery.
Perhaps one of the most sophisticated edible batteries which has been developed are the edible
sodium-ion batteries from Carnegie Mellon University.75,76 Cathodes were constructed of
manganese dioxide and anodes loaded with sodium ions were bound in either activated carbon75
(figure 1.6) or cuttlefish melanin.76 The potentials displayed by the sodium loaded melanin and
activated carbon are approximately 1.03 V and 0.6 V for 5 hours and 24 hours, respectively.75,76
These secondary batteries hold advantages over their galvanic counterparts as they do not produce
potentially harmful hydrogen gas or metal chlorides77 and have been demonstrated to be
rechargeable.75,76 The constructs presented here have the potential to aid in monitoring electrical
activity of GI tissue, controlled drug release and treating digestive disorder (gastroparesis) via
electrical tissue stimulation.75
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Figure 1.6 GI tract activated edible sodium ion battery. Adapted from Kim et al.75

1.2.2 Supercapacitors

The chemical by-products which typically occur from galvanic cells, such as hydrogen gas and
metal chlorides77, can be preventative for use in edible device applications. A possible alternative
power source to these are micro supercapacitors. Capacitors work by storing charge via ion
accumulation within the electrolyte on the surface of the electrodes, creating what is known as an
electrical double layer.78 As the charge stored is a result of the movement of ions, no direct
chemical reaction occurs and therefore there are no potentially harmful by-products. Furthermore,
these type of capacitive power supplies typically display superior charge/discharge rates
compared to contemporary batteries78, making them ideal for short term use like edible devices.
A food-grade supercapacitor was demonstrated by Wang et al.79 which used supermarket bought
components. An edible supercapacitor was constructed of food-grade gold leaf, activated carbon
electrodes, sushi grade seaweed separator, Gatorade electrolyte, cheese segregation layer (to stop
Gatorade leaching into gelatin) and encapsulated in gelatin, figure 1.7.79 This food-grade
supercapacitor showed excellent performance, displaying a specific capacitance of 72.7 F/g after
1000 charge/discharge cycles. The potential of this device in power edible tools and providing
new treatment options was demonstrated by using the supercapacitor to power a commercial
snake camera and kill harmful bacteria in vitro via electrolysis.79
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Figure 1.7 Schematic of food-grade edible supercapacitor layers. Adapted from Wang et al. 79

A bioresorbable supercapacitor was demonstrated using Mo, Fe, W and gold (Au) electrodes
connected by an agarose hydrogel containing NaCl electrolyte, imbedded on a poly(lactic‐co‐
glycolic acid) substrate and encapsulated by polyanhydride.80 Capacitance was induced in these
devices over 500 charge/discharge cycles via developing an electrode oxidation layer which
covered the metal electrodes as a result of the water-electrode contact. This oxidation layer
allowed for an electrical double layer to form, creating a bioresorbable supercapacitor. The areal
capacitance for the Mo, Fe, W and Au devices were 0.61, 0.18, 0.02 and 0.01 mF/cm,
respectively.80 The difference in performance of these metals were proposed to be an effect of the
difference in developed oxidation layers as the more inert metals had lower capacitance (less
oxidation).
A novel laser induced graphene pattern technology has been developed by Chyan et al 80 which
allows the production of precision patterned graphene onto carbon based materials such as
coconuts, potato skins and bread. Using this method a supercapacitor was constructed on a
coconut shell to illustrate this methods potential in edible device development, figure 1.8.
However, graphene toxicity is still being determined and as such prevents its immediate
application in bioresorbable devices.
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Figure 1.8 A) Graphene based supercapacitor laser printed onto a coconut (scale bar is 1 cm) and
B) supercapacitors analysis using a 10 mV/s scan rate cyclic voltammogram to illustrate the
difference in capacitance between 10 seconds (black) and 5 seconds (red) exposure to laser induced
graphene printing. Adapted from Chyan et al.80

1.2.3 Actuators

The ability for consumable materials to predictably and controllably change dimensions and
actuate in response to an external stimuli, such as heat, ionic concentration or pH, allows for the
creation of smart devices which exploit these traits to perform medical treatments on-demand.
A

digestible

enteric

elastomer

comprised

of

poly(acryloyl

6-aminocaproic

acid),

poly(methacrylic acid-co-ethyl acrylate) and poly(caprolactone) has been demonstrated. This
elastomer is able to withstand and actuated in the acidic conditions of the stomach, but be
dissolved by the neutral fluids within the intestine.68,81 This is achieved by the protonation of
carboxylic acids in low pH environments, such as gastric acid, which cause hydrogen bonding of
the carboxylic acid and amine groups. These hydrogen bonds cause crosslinking along the
polymer chains, resulting in actuation of the device, figure 1.9. As the apparatus eventually enters
the near neutral pH environment of the intestinal tract the protonated carboxylic acid groups lose
these excess hydronium ions, become uncrosslinked and disintegrate, passing harmlessly through
the body, figure 1.9.81 This allows applications for long term drug release, bariatrics nutrition
control and casings for edible electronics.68,81
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Figure 1.9 A) Ingestible enteric elastomer actuating in simulated gastric fluid (SGF) and B)
Disintegrating in simulated intestinal fluid (SIF). Adapted from Zhang et al.81

Thermal actuation of ingestible materials has been utilised in the creation of on-demand drug
delivery devices.74,82 Thermally actuating lipid membranes where constructed around a Mo joule
heating coil, which could be used to heat the lipid membrane to 41–43 °C via external induction.82
This caused the lipid membrane to expand, releasing drugs which are contained within it for
targeted drug release, after which the components could be harmlessly consumed by the body.74,82
A similar heated induced actuating drug releasing device has been constructed to be a
bioresorbable implant targeting Staphylococcus aureus infection specifically.74,83 A magnesium
oxide (MgO) interlayer dielectric and a Mg resistor, heater & coil were layered to produce an
inductive coil heater and encapsulated in drug containing silk substrates, the thickness of which
could be increased to extend the lifetime of the device.74,83
An additional bioresorbable thermal actuating method has been demonstrated as a means to
induce self-destruction of electronic devices on-demand.66,84 Microelectronic systems embedded
with microfluids via chemical etching can be heated via external induction, which converts the
embedded liquid to a gas, expanding and either destroying the apparatus or releasing a drug.66,84
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1.2.4 Tissue stimulants

Electrical stimulation has been shown to effectively aid and accelerate the recovery of tissue and
nerve functionality.85,86 As edible devices have already been demonstrated to be able to provide
power via a multitude of different means, electrical stimulation of tissue in vivo via bioresorbable
devices offers new possible treatment options for physicians.
The use of bioresorbable neuroregenerative therapy devices has been demonstrated via an energy
harvester constructed of Mg conductors, a Mg loop antenna with a poly(lactic-co-glycolic acid)
(PLGA) dielectric, a PLGA substrate and a doped silicon radio frequency diode, figure 1.10.74,87
As the device receives a radio frequency induced current, an exposed Mg conductor imbedded in
the tissue applies an electrical pulse stimulating the tissue for the acceleration of nerve tissue
recovery.74,87 This apparatus could be adapted to function as an aforementioned gastric electrical
stimulation edible device.

Figure 1.10 Dissolution of the bioresorbable neuroregenerative therapy device in a PBS solution at
37oC. Adapted from Koo et al.87
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1.2.5 Sensors

One of the driving pursuits of edible device research for digestive tract diagnosis is the ability to
perform regular monitoring of this vital organ system. To this effect, bioresorbable sensors
provides medical professionals with a means to gather consistent diagnostics of the GI tract,
allowing for more informed and faster determination of digestive abnormalities without the
traditional risks of retention.

Temperature sensors
The ability to maintain regular monitoring of the core body temperature allows physicians to
examine GI homeostasis deviations and possible inflammation of tissue.88
A resistance based temperature sensor was constructed using Mg as a sensing element and Peano
fractal designed interconnects to allow for device flexibility. The difference between the Mg
interconnect and sensor is produced via the sensing element being far thinner and therefore
possessing greater resistance, figure 1.11A.89 The sensing element and interconnects were
sandwiched between silicon nitrite and silicon dioxide dielectrics and encased within Ecoflex (a
mixture of corn starch, potato, and polylactic acid)90 substrates. The unique design allowed for
high flexibility, a Young’s modulus of 500 MPa and a stable operation over 1 day. It operates by
fluidics whereby a liquid flows over nine sensors, whose electrical response correlated linearly
with the resistive temperature coefficient of the sensors, without any hysteresis, allowing for
accurate determination of the heated fluids temperature, figure 1.11B.89
The use of this type of heat mapping construct has been replicated in a similar bioresorbable
devices such as a heart monitoring device (electrocardiogram) which used zinc (Zn) instead of
Mg on a galactomannan substrate91 and a multifunctional bioresorbable electronic stent for heat
flow mapping of a rats brain.92
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Figure 1.11 A) Schematic of resistive temperature sensor and B) resistive response (right) and
infrared camera response (left) from an injected heated fluid streaming over 9 sensors. Adapted
from Salvatore et al.89

pH sensors
The GI tract exists in a symbiotic relationship with the microbes and bacteria which exist inside
of it.93 This delicate balance can be adversely affected by multiple factors, such as abnormal pH
balances.94 Therefore regular monitoring of the digestive tracts pH is essential to maintain good
health.
A bioresorbable elastic pH sensor has been developed which utilises amine/oxide functionalised
silicon nanoribbons, connected by Mg wires and encapsulated in poly(1,8-octanediol-cocitrate).95 The device is able to determine pH changes via a change in conductance as a result of
a protonation of the amine groups (NH2 to NH3+) in low pH environments or a deprotonation of
the silicon dioxide groups (SiOH to SiO-) in basic conditions. However, this construct was only
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able to operate in ranges of between 3-10 pH and therefore further refinement of the resilience
and accuracy of the device is needed to function in stomach acid (pH approximately 1.2).95

Pressure sensors
As aforementioned, IBS is one of the most prevalent health concerns for GI health and which
goes undiagnosed in a majority of cases.51 One of the main causes of IBS is proposed to be gut
motility disorders.96 Bioresorbable pressure sensors offer a possible solution to this health issue
as well as other digestive disorders such as peristalsis abnormalities and locating gastric
blockages.
The construction of a bioresorbable capacitive pressure sensors was demonstrated by Luo et al.97
These types of capacitive sensors work via two electrodes being separated by an elastic dielectric
forming a variable capacitor. As pressure is applied the distance between the two electrodes
decreases, increasing the capacitance and changing the resonance frequency of the capacitive
sensors circuit which can be measured in an external coil. The capacitive pressure sensor was
constructed using a Fe/Zn bilayer as a capacitor plate and induction coil, with poly(L-lactide)
(PLLA) acting as the dielectric and encapsulate.97 The pressure sensor was submerged in a saline
solution at 37oC and operated within compressive loads of 0-20 kPa. The pressure sensor
displayed a stable sensitivity of 39 kHz/kPa for the first 20 hours and 54 kHz/kPa for the next 86
hours.97
A more complex capacitive pressure sensor was developed by Boutry et al.98 This devices was
constructed using a microstructured poly(glycerol sebacate) dielectric, a Fe/Mg bilayer as a
capacitor plate and induction coil and was encapsulated in a poly(vinyl alcohol) substrate. The
construct operated for 7 days in a PBS solution at 37 °C, displaying a sensitivity of 0.76 kHz/kPa
for pressures below 2 kPa and 0.07 kHz/kPa for pressures above 2 kPa.98
Lastly, a bioresorbable piezoelectric pressure sensor was demonstrated by Curry et al.99
Piezoelectric materials are able to convert mechanical forces into electricity and as such, this
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property can be exploited to create pressure sensors.100 It was recently discovered that
biocompatible PLLA displays shear piezoelectricity when the orientation and crystallinity of the
polymer chains are optimised so that the double bonded carbon-oxygen groups are branched out
from the polymer chain backbone.101 Using this unique property of PLLA a device was
constructed using a modified PLLA piezoelectric, Mo wires and encapsulated in a poly(lactic
acid) (PLA) substrate, figure 1.12. The construct was able to operate between pressures of 0-18
kPa and displayed a stable sensitivity of 0.64 V/kPa for 4 days in a PBS solution at 37oC.99
As can be seen from the advances that have been made in bioresorbable device development, the
main considerations which dictates the direction and implementation of this field of research is
the edibility of the materials used to make them.

Figure 1.12 A) Schematic of PLLA piezoelectric pressure sensor. B) Photograph of PLLA
piezoelectric pressure sensor. Adapted from Curry et al.99
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1.3 Ingestible materials
To develop edible devices an investigation into the materials used and their by-products effect on
our health have to be considered. As the human body naturally requires several vitamins, minerals
and trace elements to function (table 1.1), the chemistries of these materials can be exploited when
constructing bioelectronics. However, these materials are not sufficient for incorporating some of
the complex functions into these constructs that are required to perform intricate medical
diagnosis and treatment in vivo. Therefore, materials which can safely be used to construct edible
conductors, dielectrics, semi-conductors and substrates need to be explored.
Table 1.1 Recommended daily intake of minerals & trace elements for adults aged 31-50 according
to the Australian national health and medical research council.69

Minerals and trace elements

Recommended daily intake for men/women

Zinc (Zn)

14 mg per day/8 mg per day

Manganese (Mn)

5.5 mg per day/5 mg per day

Magnesium (Mg)

420 mg per day/320 mg per day

Iron (Fe)

8 mg per day/18 mg per day

Molybdenum (Mo)

45 µg per day/45 µg per day

Copper (Cu)

1.7 mg per day/1.2 mg per day

Calcium (Ca)

1 g per day/1 g per day

Chromium (Cr)

35 µg per day/25 µg per day

Iodine (I)

150 µg per day/150 µg per day

Potassium (K)

3.8 g per day/2.8 g per day

Selenium (Se)

70 µg per day/60 µg per day

Sodium (Na)

920 mg per day/920 mg per day

Fluoride (F)

4 mg per day/3 mg per day
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1.3.1 Conductors

Bioresorbable metals are the most common electrical conductors used to construct edible devices
as a result of their biocompatibility and high conductivity.65,66,68,74,77,102 As described in section
1.2, typically the most widely used of these are Mg, Zn, Fe and Mo. This is a result of these metals
being daily required trace metals with high conductivity. Furthermore, Mg, Zn, Fe and Mo
decompose slowly and harmlessly into Mg(OH)2, Zn(OH)2, Fe(OH)2 and H2MoO4, respectively,
when exposed to bodily or intestinal fluids.77 However, these elements also react rapidly with
stomach acid, forming metal chlorides and hydrogen gas.65,66,68,74,77,102 Therefore, their quantities
for use must be keep low so as to not produce more hydrogen has than the allowable body
tolerance of 10 μL103 and are usually encapsulated to have a more controlled dissolution rate.
Other conducting metals which have also been explored are inert gold (Au) and platinum (Pt) leaf
as these are classified as edible when they are of a high enough purity.79
The potential of water soluble conductive polymers has been explored to make bioelectronics
which are more compliant to the complex shape of the digestive tract. Flexible, bioresorbable
conductors were demonstrated via poly(3,4‐ethylenedioxythiophene) micropatterning on a silk
substrate using photolithography104 and polyaniline being doped onto the hydrogel heparin.105
Lastly, research has been conducted in using graphene and nanotubes for bioresorbable devices,
such as laser induced graphene patterning on bread & coconuts80 and single wall carbon nanotubes
fed to silkworms to produce conductive silk.106 However, the toxicity of these materials is not
well understood yet, so cytotoxicity studies are needed before implementation.77

1.3.2 Dielectrics

The most common dielectric used in microelectronics are silicon dioxide (SiO2) and silicon nitride
(Si2N4).102 Both SiO2 and Si2N4 break down into silicic acid Si(OH)4 from hydrolysis but with
Si2N4 having an intermediate step where ammonia is created.107 As silicic acid is a naturally
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occurring components in biofluids both of these dielectrics are commonly used in bioresorbable
electronics aswell.108 Furthermore, the rate of degradation by hydrolysis of these materials is pH
depend whereby the rate of hydrolysis increases as the pH increases.109 Therefore, these devices
are ideal to operate in the low pH stomach acid but which can then be consumed by the neutral
intestinal fluids.
Magnesium oxide (MgO) is a transparent dielectric also a commonly used dielectric in
bioelectronics as it breaks down into the hydrated intermediate Mg(OH)2.110 The dissolution of
MgO is highly depended on hydronium ions and as such decomposes relatively rapidly in low pH
environments such as gastric acid.111
Recently, to construct edible devices which are more robust and flexible so as to survive the harsh
complex nature of the GI tract, alternative biodielectrics have been explored, such as silk
fibroin112, poly(β-hydroxy polyester)113 and gelatin.114

1.3.3 Semiconductors

Contemporary electronics use bulk Si semiconductors which, though biologically inert, exhibit
slow dissolution rates as a result of the oxide layer which forms in reaction to water.77,102 However,
it has been found that using nanostructured Si (under 300 nm) allows for relatively rapid (10 nm
per day) and safe hydrolysis of these components to silicic acid, enabling their use in edible
devices.115–117 This dissolution of Si has also been observed to be highly dependent of temperature,
pH and ionic concentration, figure 1.13.118
The use of organic semiconductors has recently garnered much attention as it has been discovered
that compounds containing π-conjugated polymer backbones facilitate delocalised electrons that
can function as semiconductors in bioresorbable devices.90 Examples of such biodegradable
semiconductors are β-carotene119, chlorophyll120, sugars (glucose, lactose, and sucrose)121,
indanthrene yellow G121, caffeine121, brilliant orange RF121, perylenediimide122 and indigo.123
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However, these semiconductors show intrinsically low electron mobility, compared to Si, and so
require additional research to yield higher mobilities for use in edible devices.121

Figure 1.13 A) Dissolution of Si nanomembranes (3 μm × 3 μm × 70 nm) in a phosphate buffer
solutions of (black) 0.05 M at room temperature, (blue) 0.05 M at 37°C, (green) 0.1 M at room
temperature, (red) 0.1 M at 37°C, (cyan) 1 M at room temperature, (purple) 1 M at 37°C and
(olive) 1 M at 37°C. B) Dissolution of Si nanomembranes (3 μm × 3 μm × 70 nm) in a buffer solution
at 37°C and at a pH of (black) 6, (red) 7, (blue) 8 and (purple) 10. Adapted from Hwang et al. 118

1.3.4 Substrates and encapsulates

As edible devices are a complex combination of intricate chemical systems and reactions, the
bodily fluids which they are designed to operate in can imped their function and so often require
biodegradable encapsulation from the harsh gastric environment to work as designed.
Furthermore, the use of substrates can be employed to imbue these constructs with increased
flexibility and durability so as to enable them to endure the compressive forces and navigate the
complex nature of the digestive tract. The most common form of encapsulation is through the use
of bioresorbable polymers substrates.
As illustrated in section 1.2 one of the most commonly used polymer substrate/encapsulates for
bioresorbable devices is PLA.124,125 The aliphatic polyesters PLA exists in two forms; the inert
crystalline PLLA form and the amorphous form poly(dl-lactic acid) (PDLA) which is susceptible
to hydrolysis by bodily fluids.125,126 PLA is often copolymerised with other biodegradable
polyesters to customise its mechanical and degradation properties.
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Poly(glycolic acid) (PGA) is an aliphatic bioresorbable polyester with a high degradation rate.127
This polymer is often copolymerised with PLA so that the ratio of the two polyesters can be
tailored to give controlled dissolution rates.125–127 In addition to this, poly(ε-caprolactone) (PCL)
is a highly crystalline polymer with high elasticity and mechanical robustness.128,129 Therefore, it
is commonly copolymerised with PLA to give a bioresorbable substrate/encapsulate with tuneable
mechanical properties.125,126,128,129 PLA, PGA and PCL are all FDA approved biopolymers for
clinical use in implants and tissue engineering.129,130 Therefore, these three polyesters can be
copolymerised together in specific weight ratios to give substrates and encapsulates with
customisable hydrolysis rates and mechanical properties tailored for almost any application for
bioresorbable implants and devices.102,125,126,131
An alternative to PLA which was studied in this thesis which may be better suited for edible
device applications as it also possesses mechanical robustness and elasticity but is already used
in a number of food products is poly(dimethylsiloxane).132–134

Poly(dimethylsiloxane)
Poly(dimethylsiloxane) (PDMS) is a polysiloxane, or silicone, sol-gel which consists of repeating
units of siloxane and is one of the most widely used inorganic silicone polymers, figure 1.14.132,135
PDMS is transparent, flexible, robust, inert, classified as a glassing agent according to European
food additive regulations133 (E900) and exists in a range of food products such as Macdonald’s
chicken nuggets and milkshakes.134 This polymer possesses a high elastic modulus of between
0.57 kPa to 3.7 MPa depending on the degree of crosslinking. This enables the
substrate/encapsulate with the mechanical robustness necessary to preserve devices from the
digestive compressive forces (0.7 to 67 kPa136–138) whilst still maintaining the flexibility required
to navigate through the GI tract.139 Furthermore, as it is hydrophobic and chemically inert it has
the potential to be extremely effective at preserving devices encapsulated within it from bodily
fluids such as gastric acid.132,135
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However, the ability to impart this polymer with smart functionalities such as conductivity and
self-healing is difficult without the use of complex manufacturing procedures and toxic
compounds.132,135 To explore the development of smart ingestible devices in this thesis we looked
to hydrogel modification.

Figure 1.14 Chemical structure of PDMS. Adapted from Seethapathy et al.132

1.4 Hydrogels
Hydrogels are 3 dimensional hydrophilic polymer networks capable of retaining large quantities
of water, up to 99.9% w/w.140–144 The ability of these polymers to absorb such large quantities of
water are typically a result of osmotic140,145, capillary146 or hydration forces147,148. When these
hydrogels are immersed in water they swell to many times their original volume. Furthermore,
their elastic modulus can be designed to mimic that of biological tissue via a control of parameters
such as crosslinking density and polymer chain length.149 The unique chemistries of these
polymers enable them to be designed so as to be biocompatible, biodegradable149 and reactive to
external stimuli, such as environmental or electrical influences.150 Furthermore, threedimensionally (3D) printed hydrogel scaffolds have been demonstrated as a means to create smart
constructs for biological applications like tissue engineering.149–153
Hydrogels are ubiquitous in everyday products such as nappies154, wound dressings155, contact
lenses156, drug delivery157 and many more. Most importantly for edible devices is that these
materials have been widespread in food products, with the most common hydrogels, alginate and
gelatin, being key ingredients in ice cream, yogurt and marshmallows.158,159 Therefore, as
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hydrogels are cheap, abundant, elastic and digestible they are an ideal material for edible devices.
During this thesis synthetic polymers poly(acrylic acid) (PAA) & poly(vinyl acetate) (PVAc) and
biopolymers gelatin, alginate & gellan gum will be investigated for the development of edible
devices.

1.4.1 Synthetic hydrogels

As the name suggests, synthetic hydrogels are produced from synthetically made monomers. One
of the first man-made hydrogels developed was poly(2-hydroxyethyl methacrylate) (PHEMA) in
1960, Figure 1.15.160 The motive for the development of this synthetic hydrophilic polymer was
to create a material for contact lenses and as such should have no impurities, would resist enzyme
degradation, have high permeability and have mechanical properties similar to biological
tissue.161

Figure 1.15 Chemical structure of PHEMA. Adapted from reference 162.

Since then a number of synthetic hydrogels have been developed as they hold advantages over
natural gels specifically for the field of biomedical research. Due to the robust nature of the
synthetic gels, they are capable of withstanding a higher degree of processing, such as high
temperatures, whilst maintaining their polymeric integrity, and hence are able to be moulded into
a variety of shapes and structures. In addition to this, the high amount of purification needed by
biopolymers before use is not an issue for synthetic gels as their constituents are carefully chosen
before production.163 Furthermore, because natural hydrogels are sourced from living material,
such as plants and bone marrow, these supplies commonly vary from batch to batch, leading to
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higher inconsistencies between natural polymer samples when compared to their synthetic
counterparts.147 For this study, two synthetic polymers were investigated; poly(acrylic acid) and
poly(vinyl acetate).

Poly(acrylic acid)
Poly(acrylic acid) (PAA) is a synthetic, super absorbent, anionic hydrogel, able to absorb up to
99.9% water by weight, figure 1.16A.141–143 The polymer is formed via free radical polymerisation
of acrylic acid (AA) monomers using an initiator, typically potassium persulfate, and can be
neutralised using a base to form an anionic polyelectrolyte, such as sodium hydroxide to form
sodium polyacrylate, figure 1.16B.164 This polymers unique hydrophilic properties and ability to
be easily modified via polymer grafting165, copolymerisation166 or crosslinking167 make it useful
for a range of applications such as diapers168, drug delivery169,170, water flocculant171, medical
adhesives172 and food packaging films.173

Figure 1.16 A) Poly(acrylic acid) and B) sodium polyacrylate. Adapted from references A) 174 and
B) 175.

Poly(vinyl acetate)
Poly(vinyl acetate) (PVAc), also known as poly(ethenyl ethanoate), is a non-toxic, biodegradable,
aliphatic, synthetic polyvinyl ester, figure 1.17.131,176–181 It is produced by an emulsion
polymerisation using an initiator, typically potassium persulfate, via free radical polymerisation
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of vinyl acetate monomers.178,179 PVAc ester groups are highly sensitive to base hydrolysis and
the reaction of this polymer with sodium hydroxide and methanol is commonly used to produce
poly(vinyl alcohol) by substituting acetate functional groups with alcohol functional groups.182
PVAc is widely used as an adhesive131, such as Elmer’s non-toxic school glue, as a gum base for
chewing gum183 and as an edible food coating.184,185

Figure 1.17 Chemical structure of Poly(vinyl acetate). Adapted from reference 186

1.4.2 Biomaterial hydrogels

Biomaterial gels are hydrophilic polymer networks obtained from natural sources such as plants,
bacteria and animals.147,150,161,163 Some of the more common natural gels include gelatin, gellan
gum, chitosan, chitin, keratin, elastin and alginate.147,150,161,163 Natural hydrogels are more
abundant than their synthetic counterparts as they are sourced from renewable resources such as
chitosan from crustacean shells.163,187,188 As a result of being sourced from biological constituents
they are typically biodegradable and more biocompatible. These properties of biocompatibility
and biodegradation make natural polymers more advantageous for biological applications. During
this study we used three natural polymers; gelatin, alginate and gellan gum.
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Gelatin
Gelatin is a heterogeneous mixture of water-soluble proteins obtained from either mammalian,
insect or fish sources. This biopolymer is produced via the denaturation of collagen triple
helixes.159,189,190 Gelatin is able to be reabsorbed by the body as it does not express antigenicity,
making it an extremely common additive in food products and tissue engineering.191–195
Over 20 amino acids make up gelatin with the repeating unit often written as Gly-X-Y.189,196 The
Gly of the repeating unit is representative of glycine and the X and Y components are an
assortment of amino acid groups but are predominately assumed to be proline and hydroxyproline,
respectively, Figure 1.18.

Figure 1.18 Chemical structure of a) Glycine b) Proline and c) Hydroxyproline.

Alginate
Alginate, or alginic acid, is a naturally occurring biomaterial with thermo-reversible gelation,
sourced from brown algae. This biopolymer is both food safe, being used in a variety of food
products such as yogurt and ice cream, and has low antigenicity, being used in a variety of
biological applications such as dentistry, microencapsulation and tissue engineering.158,197 It is a
copolymer consisting of β-D-mannuronate (M), figure 1.19a, and α-L-guluronate (G), figure
1.19b, residues.
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Figure 1.19 Alginic acid comprised of a) β-D-mannuronate and b) α-L-guluronate residues.
Adapted from reference 198.

Gellan gum
Gellan gum polysaccharide is a natural occurring biopolymer extracted from either plant or algal
sources using the bacterium Sphinogomonas elodea.199 The molecular weight of these hydrogels
can vary greatly as a result of different synthesis methods, harvest times, source location and
season. However the use of fermentation by Sphinogomonas elodea has allowed for much greater
control of the molecular weight as there is a strict control of pH, temperature and aeration.147
The tetra anionic polysaccharide comprises of a repeating units of β-D-gluxuronate, α-Lrhamnose and two β-D-glucose residues, Figure 1.20.147,200 The natural gellan polysaccharide
exists as high acyl gellan containing an acetyl and L-glyceryl group attached to the 3-linked
glucose repeating unit. These groups are removed for commercial use via a hot alkali fermentation
broth.147 A carboxylic acid group is located on the two β-D-glucose residues which allow for
physical crosslinking when exposed to cations, typically calcium chloride. 201,202 Crosslinking of
gellan gum is utilised to increase the chemical and mechanical integrity of the hydrogel, a method
which is common in hydrogel research.
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Figure 1.20 Commercial low acyl gellan gum with the acetyl and glyceryl locations of high acyl
gellan gum indicated. Adapted from Morris et al.147

1.5 Hydrogel Crosslinking
Polymers are intrinsically fragile and require modification to increase traits such as strength,
swelling ratio, thermal stability, pH stability and elasticity.195,203 As a result of this, hydrogel
crosslinking can be exploited in the design of edible devices to customise them for survival in the
GI tract. The two types of crosslink which exist are physical and chemical crosslinks.

1.5.1 Physical crosslinking

Physical gelation of polymers is a reversibly process which occurs via the crosslinking of junction
domains by means of polymer chain entanglement, hydrophobic exchanges, hydrogen bonding,
crystallisation, or ionic bonding.150,204 Ionic cross-linking can be used to increase the pH and
thermal stability of edible polysaccharides, such as gellan gum147 or alginate205, using food grade
salts like calcium chloride.
These polymers, although not as thermally or chemically robust as chemically crosslinked
polymers, exhibit other advantages, such as the ability to be reshapen and moulded upon heating,
facilitating post-gelation modifications.195,206 In addition to this, the exclusion of toxic
crosslinking compounds makes them better suited for biological applications. Lastly, as their
polymer chains are not bound by covalent cross-links there is an increase in polymer chain
disentanglement, resulting in higher mechanical compressive loadings in some gels.150,207 The
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physically crosslinked polymers used in this thesis were ionically crosslinked alginate, gellan
gum, PVAc and hydrogen bonded gelatin.

Physically crosslinked gelatin
The physical gelation of gelatin is a reversible process induced via hydrogen bonding between
the polymer chains, which result in the polymer coiling up into a triple helix
network.159,189,190,196,208 This gelation occurs between 30oC-40oC and is reversible upon

reheating. The hydrogen bonding which triggers this crosslinking occurs as a direct result of
amine-carbonyl bonding, or due to water bridging between amine-carbonyl or two carbonyl
moieties. These hydrogen bonds occur perpendicular to the chain axis.189

Physically crosslinked gellan gum
The gellan gum hydrogels used in this thesis were physically crosslinked using calcium chloride.
The carboxylic acid residues which are located on the two β-D-glucose residues allow for the
gelation of this biopolymer via divalent cations, typically calcium chloride. Maximum hydrogel
strength can be reached when the divalent cations reaches a 1 to 2 stoichiometric ratio to the
carboxylate moieties, after which excess cations weaken the polymer.147,148,199

It has been well established that divalent alkaline cations, such as Ca2+, Mg2+, Sr2+ and
Ba2+, are much more efficient crosslinkers than monovalent cations, requiring a fraction
of the concentration to initiate gelation.147,148,199,209–211 Moreover, no gelation selectivity
exists between these crosslinkers for gellan gum, which is a unique trait that is not seen
in other common uronic-acid polysaccharides, such as alginate.147,148,199,209–211
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Physically crosslinked alginate
Alginate hydrogels used in this thesis were physically crosslinked using calcium chloride. The
gelation of alginate is produced via ionic bonding of carboxylate groups on the α-L-guluronate
monomers due to the presences of multivalent ions.203,212–214 During the gelation of alginate the
guluronate residues form junction zones in the form of the well-known ‘egg-box’ structure, figure
1.21.190,212,214

Figure 1.21 Gelation of alginate gels via calcium cations in the “egg-box” model. Adapted from Li
et al.215

Physically crosslinked poly(vinyl acetate)
PVAc easily undergoes hydrolysis when placed in alkaline conditions, which substitute its acetate
functional groups with alcohols to form partially hydrolysed PVAc.216,217 Sodium tetraborate is a
basic preservative (E number E285133) that when added to the PVAc creates a basic environment
which is able to partially hydrolyse PVAc.218 The solubilised borax ions are then able to crosslink
these alcohol groups to form boronate ester linkages that enable the polymer to establish a 3D
network, figure 1.22.

216–218

These boronate-diol crosslinks imbue the polymer with improved

mechanical strength, self-healing and ionic conductivity.
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Figure 1.22 Graphical chemical equation of borax crosslinking partially hydrolysed PVAc. Adapted
from Geng et al.218

1.5.2 Chemical crosslinking

Chemically crosslinked hydrogels, or thermoset polymers, form an irreversible covalently
network.150,161,188,193,195,219 These covalently crosslinked gels have increased thermal and chemical
stability when compared to physical gelation due to covalent bonds typically being stronger than
ionic or hydrogen bonds.206 Moreover, although covalent cross-linking of hydrogels is typically
achieved using toxic chemicals, food grade covalent cross-linkers such as genipin219, tannic
acid220, plant phenolics221, caseinate222 and trans-glutaminase223 are commonly used to covalently
crosslink polymers for biomedical applications. The covalent crosslinkers used for this study were
genipin for crosslinking gelatin and N,N’-methylenebis(acrylamide) for crosslinking poly(acrylic
acid).

Genipin
Genipin is a naturally occurring, non-toxic covalent crosslinker of amine groups, Figure 1.23. The
compound is extracted from the gardenia plant, Gardenia jasmindes Ellis, via enzymatic
hydrolysis of glucosidase. It has become of great interest recently as a safer alternative to
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glutaraldehyde as it can used to achieve many of the same effects as glutaraldehyde, such as
increase mechanical and thermal stability, but with 0.0001% the cytotoxicity.188,192–195

Figure 1.23 Chemical structure of Genipin. Adapted from Butler et al.194

When used to crosslink gelatin, as was applied in this thesis, covalent bonds are formed between
the primary amines of either ɛ-amines. Along the gelatin polymer chains the ɛ-amino moieties
used for genipin crosslinking are found predominantly on the lysine residues but can also occur
on the amine groups of the hydroxylysine and arginine residues. Genipin has been found to be an
extremely efficient crosslinker as bonds can be formed with up to 85% of these amine functional
groups.188,192–195
The gelatin-genipin mechanism of crosslinking occurs in a two-step process, with the first step
involving a nucleophilic substitution reaction, Figure 1.24. First, a primary amino group attacks
the C(3) carbon of the genipin molecule creating an intermediate aldehyde group. This produces
the dihydropyran ring to open, allowing an attack on the aldehyde via a secondary amine formed
during the first part of this reaction. Finally the ring closes and a heterocyclic-amine compound
link is made between gelatin and genipin.194
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Figure 1.24 First step of the gelatin-genipin cross-linking mechanism. Adapted from Butler et al.194

The second step is a second order nucleophilic substitution reaction, involving the loss of a
genipin ester group and the gain of a secondary amine linkage from the gelatin, Figure 1.25.

Figure 1.25 Second step of the gelatin-genipin cross-linking mechanism. Adapted from Butler et
al.194

N,N’-methylenebis(acrylamide)
The crosslinking of poly(acrylic acid) by N,N’-methylenebis(acrylamide) (MBA) is a relatively
simple process which occurs via a heterogeneous copolymerisation of acrylic acid monomers
and MBA.224–226 In this study, the redox initiator ammonium persulfate is used to start the
copolymerisation. According to NMR spectroscopy studies in the literature, the divinyl groups
of the MBA crosslink directly with the PAA backbone as indicated by the rapid reduction in
vinyl proton NMR spectral peaks and rapid increase in alkyl proton NMR spectral peaks when
comparing uncrosslinked and crosslinked polymers NMR spectra, respectively. This indicates
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that the reaction leaves the carboxylic acid functional groups intact, figure 1.26.225,226 The
crosslinking of this polymer occurs according to the standard Flory–Stockmayer theory of
gelation.227 While the production of biocompatible and ingestible vinyl polymers via MBA
polymerisation is commonplace,144,225,228,229 MBA is toxic in its monomer form, therefore special
care must be taken to ensure the polymerisation has completed and there is no unreacted
monomers left, similar to the care taken to reduce any unreacted acrylamide monomers in
polyacrylamide gels.230

Figure 1.26 Copolymerisation of A) N,N’-methylenebis(acrylamide) with B) acrylic acid to form C)
poly(acrylic acid). Adapted from Arunbabu et al.226

1.6 Hydrogel Modification
Hydrogels are ideal materials to construct edible devices from, as their unique hydrophilic
properties can be modulated to facilitate smart functionalities.151,231,232 The chemistries of these
polymers can be altered to express responsive behaviour to external stimuli such as pH233–237,
humidity238, pressure239, magnetic field240,241, light242 or temperature.243 One of the more
promising modifications which can be utilised to imbue smart functionalities into these hydrogel
materials is via the incorporation of conductivity into these polymers for the construction of
bioelectronics.
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1.6.1 Conductivity

Conducting hydrogels are an emerging field which seeks to combine the advantages of hydrogels;
elasticity, biocompatibility, etc, with the capacity to carry an electrical current. The development
of these conductive hydrogels have enabled the creation of a variety of hydrogel devices such as
pressure sensors244, elastic wires245,246 and transparent speakers.247 The creation of conductive
hydrogels can be achieved a number of ways, typically using the addition of conductive fillers
into the polymer network.

Table 1.2 Summary table of different types of typical conductive hydrogels and their conductivities
properties.

Composition

Conductive
mechanism

Conductivity
(mS/cm)

Gellan gum with poly(3,4ethylenedioxythiophene)(PEDOT)248

conductive
polymer: PEDOT

3.15

Gellan gum with carbon nanotubes249

Carbon nanotube
conductive filler

7

Polyacrylamide with graphite250

Graphite
conductive filler

0.86

Chitosan with gold nanoprticles251

Gold conductive
filler

13

Gellan gum/gelatin with sodium chloride252

Sodium chloride
Ionic conductor

200

Conductive fillers
There is a wealth of literature on the development of conductive hydrogels, with the majority of
conducting gels created via the addition of a secondary conducting phase. These secondary
conducting phases are typically created by the utilisation of conducting polymers, such as
poly(3,4-ethylenedioxythiophene)253,254, the incorporation of redox centre functionalities255 or
adding conductive fillers like nanotubes249,256,257,graphite250 or gold.251 However, dehydration of
the hydrogels is required to allow the conducting phase to create a path of conduction through the
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material. Moreover, this dehydration results in drastically reduced mechanical properties of the
gels.258 This loss of conduction with increased water content is a result of electronic conduction
being inhibited by the presence of water as the conductive phase cannot form a spanning
network.254,257,259 In addition to this, the requirement of dehydration increases the complexity of
the design of the edible devices due to the interactions of the material with the fluids present in
the GI tract. Therefore, the development of hydrogels which retain a large water contents whilst
displaying high conductivities is a prevalent problem in hydrogel research. Recently, it has been
demonstrated that ionic conductors can be utilised in the development of conductive hydrogels
without loss of hydration .260

Ionic conduction
Polyelectrolyte gels are polymer networks which contain ionic functional groups which form
fixed charges along the polymer chain when hydrated.236,261 When cations are added these fixed
charges initiate ionic crosslinks with the polymer network inducing gelation.147,262 Consequently,
these added ions can be exploited to create ionically conductive hydrogels.236,260,261,263–266
Ionic conductivity is facilitated by these cationic species, as they are able to create a flow of
current under an applied potential difference by transporting charges through the water filled
micro-pores of the polymer network.263–265 Unlike electronic conductors, ionic conduction is
enhanced by the inclusion of water rather than impeded by it making them an ideal method for
the creation of conducting hydrogels.
Ionic conductivity has been demonstrated to be directly related to the water content,
hydrodynamic radii of the ions, concentration of ions, crosslinking density and ion-polymer
interactions.267–269 Furthermore, these ionic conductors are commonly food safe, so in
combination with hydrogels can be used to create edible conductors. Therefore, in an attempt to
design a high performing, ingestible, hydrogel electrode the salts sodium chloride, calcium
chloride, caesium chloride, and sodium tetraborate (borax) were explored.
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However, although ionic conductivity can be utilized in creating hydrogel bioelectronics, the
mechanical performance of these polymers is still something that needs to be enhanced if they are
to survive the compressive forces of the GI tract.

1.6.2 Mechanical Enhancement

Hydrogels are intrinsically mechanically weak and require augmentation to increase their
mechanical performance to survive digestive peristalsis pressures. The field of hydrogel
strengthening is known as tough hydrogels.
Tough hydrogels can be produced utilising slip-ring mechanisms270, nano-composite polymers271,
reinforcing fillers249,272 or interpenetrating polymer networks (IPN).254,259,273,274 IPNs are produced
via a homogenous mixture of two independently crosslinked polymer networks.243,275 This
combination has been proven to improve the mechanical strength of the hybrid polymer, as well
as other synergistic effects.276
Several forms of IPNs exist, the most common being double network hydrogels (DN). These
consist of two enmeshed covalently cross-linked networks.277 More recently a new form of IPN
has been produced, known as ionic-covalent entanglement (ICE) hydrogels. These hybrid gels are
constructed via the uniform combination of a primary covalent network entangled with a
secondary independently ionically crosslinked polymer network. These hydrogels have produced
ICE gels with superior mechanical performance and self-recovering properties when compared to
their individual components.152,278–280
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Table 1.3 Summary table of different types of typical tough hydrogels and their mechanical
properties.

Composition

Strengthening
mechanism

Fracture stress
(MPa)

Facture strain
(%)

Gelatin crosslinked with
Polyrotaxanes281

Slip-ring
mechanism

0.112

208

Polyacrylamide with clay nanocomposites271

nanocomposite
filler

0.109

857

Poly(acrylic acid)/polyaniline272

Reinforcing
filler

1.7

74.6

Poly(2-acrylamido-2methylpropanesulfonic
acid)/poly(acrylamide)277

Double
network

17.2

92

Alginate/Polyacrylamide280

Ionic-covalent
network

0.156

2300

Ionic-covalent entanglement (ICE) hydrogels
When a stress is applied to a polymer network the deformation is typically non-uniform as a result
of notches which exist in the polymer chains. As the cracks begin to propagate the chains ahead
of the notch are disproportionately stretched (Figure 1.27a), which allows running cracks to
develop much easier via stress localisation.278–280,282
ICE gels impede this mechanism by activating more chains to participate in bearing the load of
an applied stress, resulting in drastically increased mechanical properties. ICE gels achieve this
by means of the secondary networks ionic bonds breaking around the base of the notches, hitting
the entangled covalent networks polymer chains and dissipating the load more uniformly
throughout the structure, Figure 1.27c.278–280,282
Other IPNs have displayed similar synergistic strengthening mechanisms, such as in DNs which
contain two independently crosslinked covalent networks whereby one network has long chains
and one short chains.274,277 This reinforcing method works in the same way as the ICE gel,
whereby the short chains are preferentially broken, dissipating the applied load along the DN.
However, the broken short chain covalent bonds cannot reform and as such limit their
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durability.274,277 In contrast to this, ICE gels hold significant advantages as the sacrificial bonds
are ionic. This imbues ICE gels with self-recovering properties as the ionic crosslinkers are
allowed to reform upon release of an applied stress. In addition to this, the self-recovery of these
hydrogels is supplemented by the covalent network maintaining the ‘memory’ of the original
hydrogel, allowing the ionic bonds to reform at an accelerated rate.152,276,278–280,282 These two
mechanism have been shown to work in tandem, resulting in hysteresis recoveries of 95% and
74% for ICE gels constructed from the gellan gum/gelatin and alginate/polyacrylamide,
respectively.279,280
Furthermore, this type of reinforcing mechanism relies on high chain mobility of the ionic
network to enable the load to be dissipated effectively.152,276,278–280,282 This reliance on high chain
mobility is also a key design consideration for creating self-healing hydrogels, therefore ICE gels
present themselves as an ideal method to produce robust edible hydrogel electrodes with selfhealing capabilities.

Figure 1.27 Illustration of crack propagation in a a) covalent polyacrylamide gel, b) an ionic
alginate gel and c) a hybrid ICE gel. Adapted from Sun et al.280
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1.6.3 Self-healing

Self-healing hydrogels are a unique type of hydrophilic polymer, which is able to autonomously
reform broken bonds to repair mechanical damage along it’s polymer chains.283–285 This property
has the potential to be extremely useful in edible device applications as a means to spontaneously
repair bioelectronic damages sustained from the destructive compressive forces of the GI tract.
There are a number of methods to imbue self-healing into hydrogels, but the forms best suited for
edible devices are perhaps the use of coordination complexes, hydrogen bonding, and boronate
ester bonds.
Coordination complexes
Coordination bonding, or chelation, involves the bonding of many ligands (functional groups) to
a central positively charged multivalent metal ion.286–289 Hydrogels are produced using this
bonding via self-assembly around these chelates to form supramolecular networks.290 The
bonding in these complexes is similar to covalent bonding but involves two or more electrons
being donated from the ligands to the metal ion instead of one.291,292 As a result of this mutlibonded complex, this form of crosslinking allows for high elasticity, adhesiveness and selfhealing simultaneously.283 This form of self-healing hydrogel is produced by replicating the
catechol ligand bonding of Fe3+ ions found in blue mussels water resistant adhesives, figure
1.28.288,289 Using this mechanism a number of coordination complex self-healing hydrogels have
been produced by functionalisation a range of different polymers with catechol ligands, such as
poly(ethylene glycol)293, chitosan294 and clay.295
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Figure 1.28 The pH-dependent formation of Fe3+catechol complexes. Adapted from HoltenAndersen et al.293

Hydrogen bonding
Hydrogen bonding is one of the most common form of intermolecular bonding which occurs as a
result of the electrostatic linkages that form between hydronium ions and electronegative atoms
such as oxygen, nitrogen or fluoride.283,296,297 This form of bonding is extremely prevalent in
biology as it is the means by which DNA maintain double helix structures and greatly influences
protein folding.296,298 The most common type of hydrogen bonded crosslinks that occur in polymer
research are the hydrogen bonds between hydroxyl groups or between carbonyl and amine
moieties.297 The bond energy for hydrogen bonds typically lie between 5 to 30 kJ mol−1.229,299
These type of crosslinks are not as robust as other hydrogel self-healing crosslinks, such as
boronate ester219 (bond energy approximately 519 to 544 kJ mol-1)300,301, producing traditionally
weak gels but compensate by possessing some of the fastest reforming capabilities.302,303 Several
hydrogen bonded self-healing hydrogels have been developed with a specific focus on biomedical
research due to their low toxicity. The most common of these are self-healing
polyacrylamide304,305, ureidopyrimidinone306,307 and PVA gels.308–310

Boronate-ester bonds
Borax, also known as sodium tetraborate, is the sodium salt form of boric acid.155,283,311 Borax is
classified as a preservative by the European Food Safety Authority (E285133) which forms pH
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sensitive ester crosslinks with diols along the polymer chains.283,290 Although these reformable
boronate-ester bonds can be utilised to form self-healing in my different hydrogels which contain
coplanar cis-diols, such as poly(ethylene glycol)312 and alginate313, they are most commonly used
to produce self-healing poly(vinyl alcohol) (PVA)283,311,314 and PVAc216,218 hydrogels. These
tetrahedral boronate ester bonds are formed in a two-step process whereby one chain goes through
monodiol complexation, followed by a secondary polymer chain linking two more diols to the
boronate ion to form a tetrahedral didiol borax complexation, figure 1.29.290,314 These bonds rely
on high chain mobility, therefore means to increase mechanical strength has traditionally been
achieved by the addition of reinforcing fillers, such as cellulose218,314, graphite oxide315 and iron
oxide particles.316

Figure 1.29 Two-step boronate ester process whereby 1) one chain forms monodiol boronate
complexation, followed by 2) a secondary polymer chain linking two more diols to the boronate ion.
Adapted from Lu et al.314

44

Chapter 1 Introduction

1.7 Hypothesis
As discussed above, the scientific literature has produced a multitude of medical devices and tools
used to examine, monitor, and treat the gastrointestinal tract. The components which make these
devices are required to be intricate and precise so as to be able to perform complex tasks.
However, all these innovations are limited in their application as the materials used to construct
them are sourced from expensive, complicated, and most importantly toxic materials. Therefore
a hypothesis was proposed which could offer a possible solution to these issues:
The complex components and functions used in traditional smart medical tools and devices can
be replicated using food grade materials.

1.8 Aims
Edible devices have the potential to offer medical professionals novel diagnosis and treatment
options for monitoring the GI tract without the traditional risks of retention. However, this field
is very much still in its infancy and as such, simple materials development to enable these
ingestible technologies needs to be explored. The main aim of this thesis is to develop a variety
of edible materials customised to display useful properties such as conductivity, actuation, solvent
extraction and self-healing. These smart materials were optimised with the mechanical robustness
necessary to withstand the harsh conditions of the GI tract. Furthermore, demonstration of various
devices using these optimised materials was explored. Based on this motive we aim to
demonstrate a range of novel materials sourced from commercially available, non-toxic materials
and modified to display a variety of smart functionalities useful for edible devices applications.
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1.8.1

Specific aims

The specific aims of this thesis are as follows;
1) Modification, characterisation and optimisation of commonly available edible materials to
display high conductive and robust mechanical properties to enable the creation of edible devices.
2) Use of optimised edible electrodes/conductors formulation to demonstrate simple ingestible
device components such as hand printed wires and pressure sensors.
3) Development and characterisation of an edible, robust, reversibly actuating hydrogel sensor
which responds to low pH environments such as that found in simulated gastric fluid.
4) Development of a novel method to produce macroporous sponge materials (PDMS) for edible
device applications such as a sponge for ingested toxic solvents or a substrate for an elastic,
ingestible conductor.
5) Modification of the edible electrodes/conductors formulation to exhibit self-healing properties
for the creation of a robust, elastic, self-healing ingestible electrode.

46

Chapter 1 Introduction

1.9 Chapter summaries

1.9.1

Chapter 2 – Experimental Techniques

Chapter 2 outlines the experimental techniques used in the preparation and characterisation of
samples used during this thesis.

1.9.2

Chapter 3 – Edible Conductive Materials

The development of highly swollen, strong, conductive hydrogel materials is necessary for the
advancement of edible device research. Several edible conductors were explored for this purpose.
Using a gellan gum/gelatin ionic-covalent entanglement (ICE) hydrogel and ionic salts, a simple
method of producing conductive, edible hydrogels was developed. It was discovered that addition
of NaCl ions before crosslinking of the gellan gum/gelatin ICE gels had a detrimental effect on
the mechanical properties, only being able to display a conductivity of 13 ± 0.4 mS/cm with a
compressive stress at failure of 1.0 ± 0.2 MPa. However, it was found that addition of NaCl after
crosslinking was able to produce gels with a conductivity of 200 ± 20 mS/cm and a compressive
stress at failure of 1.4 ± 0.2 MPa. Furthermore, these gellan gum/gelatin gels were optimised
using CsCl, producing electrodes with a conductivity of 380 ± 30 mS/cm and a compressive stress
of 1.5 ± 0.4 MPa. Lastly, the potential of food grade products for use as edible electrodes was
examined by analysing the electrical properties of alginate-gelatin hydrogels, Vegemite, Marmite,
jelly and gold leaf.

1.9.3

Chapter 4 – Edible Devices

Biodegradable soft conductors have substantial potential in the field of bioelectronics, particularly
for the development of bioresorbable gastrointestinal tract devices. From our previous work it
was found that edible, robust conductive electrodes could be produced using a combination of
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gelatin/gellan gum hydrogels and NaCl salt. Using this hydrogel formulation hand-held reactive
printing was explored to pattern highly conductive, versatile, edible hydrogel wires. The
conductivity of the gels when printed (190 ± 20 mS/cm) closely matched the conductivity
recorded for cast systems (200 ± 19 mS/cm). Furthermore, two simple edible sensors were
developed using this formulation. A simple, robust, edible resistive strain gauge/pressure sensor
was developed which exhibited a gauge factor and pressure sensitivity of 7.6 ± 0.1 and 400 ± 7
μΩ/Pa, respectively, for loads up to 3 kPa and 0.308 ± 0.002 and 7.17 ± 0.05 μΩ/Pa, respectively,
for loads between 9 kPa and 280 kPa. A more complex edible capacitive pressure sensor was also
developed, which displayed a sensitivity of 0.80 ± 0.06 pF/kPa for a range of 4-20 kPa. These
findings suggest potential for application in the detection of digestive pressure abnormalities such
as intestinal motility disorders.

1.9.4

Chapter 5 – Edible Actuator

Edible devices are an emergent technology which seek to provide researchers and health
professionals with tools to monitor the GI tract without the traditional risks of retention as they
are constructed from edible materials. To this effect an ingestible actuator was developed using
non-toxic poly(acrylic acid) and calcium hydroxide. Poly(acrylic acid) and poly(acrylic
acid)/calcium hydroxide hydrogels displayed compressive stresses of 0.08 ± 0.02 MPa and 0.10
± 0.03 MPa, respectively and swelling ratios of 61 ± 3 and 45 ± 2, respectively. However, on
exposure to simulated gastric fluid (pH 1.2) for 1 hour the poly(acrylic acid) hydrogels were
destroyed and the poly(acrylic acid)/calcium hydroxide hydrogels displayed a compressive stress
of 0.16 ± 0.04 MPa and a swelling ratio of 12 ± 2. Furthermore, the poly(acrylic acid)/Calcium
hydroxide hydrogels displayed a volume change to 17% ± 2% of their original volume. This
demonstrates the ability that the calcium hydroxide provides in preserving the polyacrylic acid in
acidic environments such as gastric fluid and that this neutralisation reaction results in a volume
change of the hydrogel. In addition to this, the poly(acrylic acid)/calcium hydroxide hydrogels
exhibited reversible actuation on submerging in 0.1 M sodium citrate for 2 hours. The poly(acrylic
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acid)/calcium hydroxide hydrogels where able to restore their compressive stress to 0.19 ± 0.06
MPa, swelling ratio to 26 ± 2 and volume to 56% ± 3% of its original volume. This work offers
new opportunities for researchers to further the state of the art for a variety of fields such as drug
delivery, 4D printed materials, soft robotics and edible devices.

1.9.5

Chapter 6 – Ingestible PDMS sponge

Poly(dimethylsiloxane) (PDMS) sponges are an emergent technology, garnering much attention
in recent years due to their unique mechanical properties, high surface area and
hydrophobicity/oleophilicity. However, large scale production and application has been hindered
by complications in production. In this work, a hydroscopic calcium chloride hard template is
used to prepare a PDMS sponge in 6 hours, faster than previously reported template removal
methods. Furthermore, the unique deliquescent properties of the calcium chloride are harnessed
to provide a spontaneously self-removing sacrificial template within 4 days. The resultant PDMS
sponges displayed excellent mechanical properties and a linear correlation between pore size and
tensile properties. The edible PDMS sponges displayed far greater preferential absorption of toxic
solvents over simulated gastric fluid, offering application as a possible alternative method of toxin
removal than conventional stomach-pumping techniques.

1.9.6

Chapter 7 – Self-healing edible electrode

Consumable, robust, self-healing hydrogel conductors offer new possibilities to further the stateof-the-art of edible device and bioelectronic research. To this effect, an interpenetrating polymer
network, constructed of sodium tetraborate crosslinked poly(vinyl acetate) and food grade gelatin,
was constructed. An optimised novel combination of these hydrogels displayed synergistic
strengthening which vastly improved the compressive and tensile properties, enabling it to
withstand the stresses it can be expected to experience in the gastrointestinal tract. In addition to
this, the compressive and tensile properties were shown to undergo full self-healing within 1
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minute and 1 hour, respectively, of reconnection of two severed halves. Furthermore, impedance
analysis of the ionically crosslinked robust hydrogel revealed a conductivity of 8.5 ± 0.7 mS/cm,
which was capable of full restoration almost instantaneously upon reconnection of two severed
pieces. Lastly, an investigation into the effect that separation time had on the self-healing efficacy
showed that the robust hydrogel electrodes needed to be reconnected within 1 minute of
separation for full self-healing of mechanical properties to be achieved. This work presents the
creation of a novel, edible, robust, self-healing hydrogel electrode for edible device development.

1.9.7

Chapter 8 – Conclusions & Future Work

Chapter 8 outlines the overall conclusions reached during this thesis and the future direction of
research from these experimental findings.
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Chapter 2 Experimental Techniques
2.1 Materials and Chemicals
All samples were prepared using the materials and chemicals listed in table 2.1.
Table 2.1 Materials and chemicals used to prepare samples

Product

Source

Batch
Number

Gelatin (porcine, type A, Bloom
number 300, molecular weight 87.5
kDa)

Sigma Aldrich, USA

119K0062

Gelatin (food grade)

McKenzie’s, Woolworths,
Australia

-

Sodium alginate (food grade)

The Red Spoon Co., Gourmet
Goldmine, Australia

-

Gellan gum (low acyl)

Gelzan-CM, CP Kelco, USA

1I1443A

Acrylic acid

Sigma Aldrich, Australia

-

Poly(vinyl acetate)

Elmer’s School Glue, Woolworths,
Australia

-

Silicone elastomer base 184

Sylgard, Australia

0006943122

Silicone elastomer curing agent 184

Sylgard, Australia

0009105447

Genipin

Challenge Bioproducts, Taiwan

-

Ethanol

Ajax Finechem, Australia

-

HCl

Sigma Aldrich, Australia

-

CaCl2.2H2O

Sigma Aldrich, Australia

MKBG9652V

CaCl2 (food grade)

The Red Spoon Co., Gourmet
Goldmine, Australia

-

N,N’-methylenebis(acrylamide)

Sigma Aldrich, Australia

-

Borax

Bare Essentials, Woolworths,
Australia

-

NaCl

Sigma Aldrich, Australia

MKB9892V
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NaCl Salt (food grade)

SAXA, Woolworths, Australia

-

CsCl

Sigma Aldrich, Australia

SLBF2545V

LiCl

Sigma Aldrich, Australia

MKBW4844V

Sodium citrate

Sigma Aldrich, Australia

-

ammonium persulphate

Sigma Aldrich, Australia

-

Vegemite (food grade)

Fred Walker & Co, Australia

-

Marmite (food grade)

Sanitarium Health and Wellbeing
Company, Australia

-

Aeroplane jelly (Blackcurrant 25%
reduced sugar) (food grade)

Woolworths, Australia

-

Edible gold leaf (12 Karat white gold)
(food grade)

The Gold leaf Factory, Australia

-

White (cane) sugar (food grade)

CSR, Woolworths, Australia

-

Brown (cane) sugar (food grade)

CSR, Woolworths, Australia

-

Cling film (BPA free)

Glad, Woolworths, Australia

-

carbon fibres (Type C50T024)

SGL Carbon Fibres LLC,
Evanston, WY, USA

-

Glue (solvent free stick)

UHU, Woolworths, Australia

-

Green Brown Bake Paper

Multix, Woolworth, Australia

-

Green Degradable Cling Wrap

Multix, Woolworth, Australia

-

Ca(OH)2

Sigma Aldrich, Australia

-

NaOH

Sigma Aldrich, Australia

-

Methylated spirits

Diggers, Woolworths, Australia

-

Mineral turpentine

Diggers, Woolworths, Australia

-

Baby oil

Essentials, Woolworths, Australia

-

Instant hand sanitiser

Dettol Healthy Touch,
Woolworths, Australia

-

Gin (food grade)

Gordon's London Dry Gin, BWS,
Australia

-
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Milli-Q water (resistivity, 18.2 MΩ
cm)

University of Wollongong,
Australia

-

2.2 Experimental Procedures
All samples prepared in this thesis were prepared according to the methods described below. All
sample preparation was carried out at 21oC, 45% relative humidity, unless otherwise stated.

2.2.1 Gelatin/Gellan Gum ICE gel preparation

Gelatin/Gellan Gum ICE gels were prepared at 80oC and stirred at 300 rpm (Stuart hotplate stirrer,
CB162, Australia). 1g gellan gum was first dissolved in Milli-Q water (100 mL, 80oC). 1.75g
gelatin was added and followed by Ca2+ (2% w/w to gellan gum). Finally, genipin (25% w/w to
gelatin) was added and allowed to stir for 3 minutes. Samples were sealed and left to cure for 24
hours at 21oC.

Addition of ionic charge carriers prior to gelation
Gelatin/Gellan Gum ICE gels were prepared with 0.4-20% w/w Ca2+ and 25-100% w/w Na+ added
in place of the 2% w/w Ca2+ crosslinker described in section 2.2.1.

Addition of ionic charge carriers after gelation
Hydrogels were prepared according to section 2.2.1. Once set, gels were soaked in 2, 4.4 or 6.2
molar concentrations of NaCl solution or an 11 molar concentrated CsCl solution for 24 hours in
a sealed container.
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2.2.2 Edible gelatin/alginate electrode preparation

3g of food grade gelatin was dissolved in tap water (100 mL, 80oC) and stirred at 300 rpm. 2g of
food grade alginate was added under the same conditions. The solution was poured into a glass
Petri dish or plastic mould for mechanical testing and conductivity analysis, respectively. Samples
were soaked in 1 M CaCl2 for 1 hour, followed by soaking in a saturated (6.2 M) solution of food
grade NaCl.

2.2.3 Hand-held extrusion printing

500 mM CaCl2 was loading into a Legardo 180 syringe pump (KD Scientific Inc.). A 45 cm line
of silicon tubing connected the syringe to a customized luer-locking coaxial needle tip (Ramehart)
with inner diameter 200 µm, outer diameter 1 mm. A gelatin-gellan gum-genipin solution was
prepared by mixing a 0.5% w/v solution of gellan gum with 0.875 % (w/v) gelatin solution at
70oC. Genipin was added at 0.22% w/v (25% w/w gelatin) and mixed for 3 min. A 10 mL Luerlock syringe (Harpool) was filled with the gelatin-gellan gum-genipin solution and attached to the
second port of the coaxial needle. A 10:1 ratio gelatin-gellan gum-genipin to CaCl2 solutions were
printed, forming cylinders for mechanical testing, or linear channels for electrochemical analysis.
All gels were cured for 48 h at 21oC in a sealed container prior to testing.

2.2.4 Edible capacitive pressure sensor preparation

Gelatin/gellan gum ICE gels were prepared according to section 2.2.1. Carbon fibres were placed
within the gel prior to gelation to establish connection between the electrodes and multimeter,
Figure 2.1. The dielectric was prepared using a 10% w/w genipin to gelatin (GGN) hydrogel. The
electrodes and dielectric were encapsulated using non-toxic, biodegradable cling wrap. Assembly
of the sensor was constructed by placing the GGN dielectric layer in between the electrodes,
Figure 2.1.
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Figure 2.1 Schematic of capacitive pressure sensor

2.2.5 Ingestible actuator preparation

Poly(acrylic acid) (PAA) hydrogels were prepared by adding 3 ml of acrylic acid monomer to 7
mL of milli-Q water. NaOH was added to neutralise the acrylic acid monomers. 30 mg of N,N’methylenebis(acrylamide) (MBA) was dissolved in the solution followed by 30 mg of ammonium
persulphate (APS). The hydrogels were left to cure for 1 hour at 80oC. Finally, PAA gels were
swelled to equilibrium in milli-Q water.
PAA hydrogels containing antacid were prepared by adding 3ml of AA monomer to 3 mL of
milli-Q water. NaOH was added to neutralise the acrylic acid monomers. 1g of Ca(OH)2 in 4 mL
of milli-Q water was added after mixing in a bath sonicator. 30 mg of MBA was dissolved in the
solution followed by 30 mg of APS. The hydrogels were left to cure for 1 hour at 80 oC. Finally,
PAA gels were swelled to equilibrium in milli-Q water.

2.2.6 Simulated Gastric fluid

Simulated gastric fluid (SGF) was prepared by mixing 100 mL milli-Q water with 0.2% (w/v)
NaCl and 0.7% (w/v) HCl.317
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2.2.7 Edible PDMS sponge preparation

PDMS sponges were prepared in a 1:3 weight ratio of PDMS to hard template filler by adding 1g
PDMS to a beaker followed by 3g of salt or sugar filler. These mixtures were manually stirred for
5 minutes before 0.1 g of PDMS curing agent was added. These mixtures were stirred and cast
into a mould and placed in an oven at 70oC for 30 minutes. The PDMS was removed from the
mould and placed into a 120oC for another 30 minutes to complete the crosslinking. Cylindrical
and dog bone PDMS samples were cut and either submerged in distilled water (resistivity, 18.2
MΩ cm) or left open in the air (21oC, 45% humidity) for removal of the hard filler templates. The
remaining water was expelled through manual squeezing with a paper towel followed by oven
drying.

2.2.8 Edible PDMS sponge electrode preparation

5 layers of edible gold leaf were glued in-between 2 pieces of baking paper and cut into strips (5
mm by 70 mm). The strips were then sealed in biodegradable, non-toxic cling film before folding
them at 1cm intervals and cast in a zigzag pattern in a mould with 4 grams of a 1:3 mixture of
PDMS and CaCl2, respectively. Samples were cured in an oven and washed of any salt filler.

2.2.9 Ingestible self-healing electrode preparation

10g of Poly(vinyl acetate) glue (PVAc) was poured into a 50 mL beaker and heated to 80oC under
rapid stirring at 300 rpm. Different w/w% of Gelatin powder was dissolved into this solution (1%,
2%, 3%, 5%, and 10%). A 0.5 g/mL borax stock solution was prepared by dissolving 5g borax in
10 mL of tap water at 80oC, stirred rapidly at 300 rpm. The PVAc/gelatin solutions were poured
into a glass petri dish mould (diameter = 5cm, height = 1cm). 2 mL of the borax stock solution
was added to the PVAc/gelatin and stirred rapidly with a spatula as the PVAc set (approximately
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30 seconds) and spread evenly into a glass petri dish. The crosslinked PVAc/gelatin was placed
into the fridge at 4oC for 24 hours to allow the gelatin to set.

2.3 Characterisation
Characterisation of all samples was performed using the following techniques and carried out at
21oC, 45% relative humidity, unless otherwise stated.

2.3.1 Water content/Swelling Ratio

Water content w/w% of the hydrogels was calculated using the following equation:
𝑠𝑤𝑜𝑙𝑙𝑒𝑛 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙−𝑑𝑟𝑦 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙
)𝑥
𝑠𝑤𝑜𝑙𝑙𝑒𝑛 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙

𝑊𝐶 = (

100

(2.1)

where the swollen and dry hydrogel indicate the weight of as-prepared and fully dehydrated
samples, respectively.
The swelling ratio was calculated using a similar equation:
𝑠𝑤𝑜𝑙𝑙𝑒𝑛 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙−𝑑𝑟𝑦 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙
)
𝑑𝑟𝑦 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙

(2.2)

(

The hydrogels were dried by placing them in a temperature and humidity chamber (Thermoline
Scientific, Australia) at 60oC for 24 hours under relative humidity of 45%.

2.3.2 Volume change

Volume change as a result of soaking hydrogels in a salt solution was measured using the
following equation:
𝑠𝑤𝑜𝑙𝑙𝑒𝑛 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙 𝑣𝑜𝑙𝑢𝑚𝑒−ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑎𝑡 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑠𝑡𝑎𝑡𝑒
)𝑥
ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑎𝑡 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑠𝑡𝑎𝑡𝑒

(
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where the reference state refers to the gels prior to being soaked in a salt solution and swollen
hydrogels refer to gels which have been soaked in a salt solution.
Volume change as a result of soaking the hydrogels in SGF or sodium citrate was determined
using the following equation:
ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑎𝑓𝑡𝑒𝑟 𝑆𝐺𝐹 𝑜𝑟 𝑠𝑜𝑑𝑖𝑢𝑚 𝑐𝑖𝑡𝑟𝑎𝑡𝑒 𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒
)𝑥
ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑎𝑠−𝑝𝑒𝑟𝑝𝑎𝑟𝑒𝑑

(

100

(2.4)

where the as-prepared refers to the gels volume prior to being soaked in SGF or sodium citrate.

2.3.3 Compression testing

Compression analysis was performed using a universal mechanical testing apparatus with a 500
N load cell (EZ-S, Shimadzu, Japan), Figure 2.2. The stress-strain data was used to calculate the
compressive strain energy at failure (U), compressive stress at failure (σc), secant modulus over
20-30% strain (Ec) and compressive strain at failure (ɛc).

Figure 2.2 EZ-S, Shimadzu with 500 N load cell.
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2.3.4 Tensile testing

Tensile testing was performed using a universal mechanical testing apparatus with a 500 N load
cell (EZ-S, Shimadzu, Japan), Figure 2.2. The stress-strain data was used to calculate the work of
extension (W), tensile stress at failure (σt), Young’s modulus (Et) and tensile strain at failure (ɛt).

2.3.5 Rheometry

Shear rheometry was performed using a Physica MCR 301 shear rheometer (Anton Paar)
equipped with 15 mm parallel plates, figure 2.3. Samples were cast into cylindrical wells
measuring 5 mm (h) x 15 mm (d) and tested under a dynamic amplitude sweep mode between
0.01% and 100% strain.

Figure 2.3 Anton Paar Physica MCR 301 rheometer with PP15 tool fitted.
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2.3.6 Hard template removal efficiency

PDMS hard templates were removed via submerging in milli-Q water. The template removal
efficiency was determined using a weight ratio (WR);
𝑤

𝑊𝑅 = 𝑤 𝑡

(2.5)

𝑜

Where, wt and wo are the final and initial weights, respectively.

2.3.7 Absorption capacity

PDMS/CaCl2 sponges were submerged into solutions of toxic solvents. The equation used to
determine the absorption capacity was;
𝑀

(𝑀𝑡 ) × 100

(2.6)

𝑜

Where Mt and Mo are the final and initial weights, respectively.

2.3.8 Optical Microscopy

The pore diameter of samples was obtained using a Leica DM4000–6000 optical microscope. The
average pores diameters were determined using an image-processing program Leica Application
Suite (LAS) software.

2.3.9 Gel Recovery

The cyclic mechanical behaviour of the PAA hydrogel with antacid was analysed to determine
their recoverability. Initially, the gels were placed in SGF (pH 1.2) for 1 hour, followed by
immersion in a 0.1 M sodium citrate solution for 2 hours at 37oC. The swelling ratio, volume
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change and mechanical properties of these samples were then analysed and compared to their asprepared properties according to the methods outlined in sections 2.3.1., 2.3.2. ad 2.3.3.

2.3.10 Impedance analysis

The impedance behaviour was obtained either using a custom build instrument or potentiostat but
was analysed using the same equivalent circuit modelling.
Custom Built instrument
Using a custom built instrument249 made by our group (Figure 2.4) the impedance behaviour of
the gel samples were obtained for frequencies between 1 Hz and 100 kHz. Reticulated vitreous
carbon (RVC, ERG Aerospace, conducting carbon foam structure with 20 pores per inch) was
used for gel-electrode contact. The impedance measurements were conducted on gels with a
known cross-sectional area at 5 different lengths (0.5 cm - 2.5 cm).

Figure 2.4 Schematic representation of the custom designed impedance analyser. 249

Impedance analysis was performed by applying 1 V (alternating signal) using a waveform
generator (Agilent U2761A) across the circuit with a known resistor (R k) and measuring the
voltage drop using an oscilloscope (Agilent U2701A) across the gel sample.
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Potentiostat
The impedance behaviour of samples was obtained using a potentiostat (Gamry Reference 600).
Electrical analysis was performed by applying 10 mV (AC rms) and 0.1 V (DC) between
frequencies of 1 Hz and 100 kHz. The impedance measurements were conducted on samples with
a cross-sectional area of 1 cm2 at 5 different lengths (0.5 cm - 2.5 cm).

Equivalent circuit modelling
Equivalent circuit modelling was performed to elucidate the impedance behaviour of hydrogel
samples. Three-parameter fits of resistors (RI), Warburg elements (ZW) and capacitors (ZC) in
series were computationally modelled according to the following equation;

2
│𝑍│ = √𝑅𝐼2 + √𝑍𝑊
+ √𝑍𝐶2

(2.7)

ZW and ZC may be described as:

Z𝑊 =

Z𝐶 =

√2𝑊
√𝑓
1
2𝜋𝑓𝐶

(2.8)

(2.9)

where f is the frequency, W is the diffusion and C is the capacitance.

Conductivity calculations
Using the Bode plot produced from either the potentiostat or custom instrument the resistive
component of the conductivity was isolated at high frequency. Using the measured resistance (RI)
of the electrodes at various lengths (l) and using a fixed cross sectional area (A) the conductivity
(σ) and contact resistance (Rc) of the electrodes was calculated using the following equation;
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𝑅𝐼 =

𝐴
+ 𝑅𝑐
𝑙𝜎

(2.10)

2.3.11 Resistive strain gauge/pressure sensor analysis

Analysis of the gelatin/gellan gum ICE gels performance as a strain gauge and pressure sensor
was examined by simultaneously measuring the impedance change in the gels during compression
to 50N. The compression and impedance were conducted according to the procedures described
in sections 2.3.3. and 2.3.10., respectively. The setup of the strain gauge/pressure sensor is
illustrated in Figure 2.5, with contact between the gel and the impedance analysis device
established using carbon fibre and the samples insulated from the compression plates using
electrical tape.

Figure 2.5 Strain gauge/pressure sensor setup with universal mechanical testing apparatus above
and impedance instrument below.
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2.3.12 Capacitive pressure sensor analysis

Characterisation of the capacitive pressure sensors sensitivity was performed via measurement of
the capacitance change as a result of an applied force. A digital multimeter (Keysight Agilent
Technologies, 34410A) was used to record capacitance and the universal mechanical testing
apparatus was used to apply a constant compressive force (Figure 2.6). Each device had five
cycles of an applied load of 20 kPa and this was repeated three times.

Figure 2.6 Setup for analysis of capacitive pressure sensor. 1. Duct tape is used to insulate
compressive plates. 2. Carbon fibre used to connect hydrogel to multimeter clips. 3. Alligator clips
to connection to the device to digital multimeter.

Statistical modelling of noise
Limit of detection (LOD) is the reduced value at which the signal is roughly three times the
noise.318 An increase in capacitance above the LOD is said to be a result of external pressure and
not from background fluctuations. Calculation of LOD for the capacitance pressure sensor was
determined as follows:
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𝐿𝑂𝐷 = 3 × 𝑅𝑀𝑆𝐷

(2.11)

where RMSD is the root mean square deviation and is determined by comparing experimental
noise to a modelled noise. Modelled noise was calculated by fitting a 5th order polynomial
function to experimental data (Figure 2.7).256 The RMSD was calculated using equation 2.12.
∑𝑛 (𝑦 − 𝑦̅)2
𝑅𝑀𝑆𝐷 = √ 𝑡=1
𝑛

(2.12)

where, RMSD is the root mean square of deviation, y is the experimentally recorded capacitance
at time (t), 𝑦̅ is the model’s capacitance at time (t) and n is the number of data points used.
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Figure 2.7 Capacitance reading of a typical sensor under ambient conditions with no applied force.
Solid line is a fifth order polynomial fit to the data.
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2.3.13 Self-Healing

Analysis of the effects that healing time and separation time had on the self-healed gels
mechanical and electrical properties were performed as follows;

Healing time
Gels were cut in equal halves, placed back together, sealed and left to heal for 1, 10, 60 minutes
or 24 hours. From these hydrogels, samples were cut for tensile testing, compression testing or
impedance analysis.

Separation time
Gels were cut in equal halves, sealed and left separated for 1, 10, 60 minutes and 24 hours. After
being left separated, hydrogels were placed back together, sealed and left to heal for 60 minutes.

2.3.14 Statistical treatment of data

Findings reported are average results from triplicate experiments. Errors reported were calculated
as standard deviations of the mean for each experiment. Q-tests with confidence intervals above
95% were used to identify and reject outlying data.
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3.1 Abstract
The development of highly swollen, strong, conductive hydrogel materials is necessary for the
advancement of edible device research. Several edible conductors were explored for this purpose.
Using a gellan gum/gelatin ionic-covalent entanglement (ICE) hydrogel and ionic salts, a simple
method of producing conductive, edible hydrogels was developed. It was discovered that addition
of NaCl ions before crosslinking of the gellan gum/gelatin ICE gels had a detrimental effect on
the mechanical properties, only being able to display a conductivity of 13 ± 0.4 mS/cm with a
compressive stress at failure of 1.0 ± 0.2 MPa. However, it was found that addition of NaCl after
crosslinking was able to produce gels with a conductivity of 200 ± 19 mS/cm and a compressive
stress at failure of 1.4 ± 0.2 MPa. Furthermore, these gellan gum/gelatin gels were optimised
using CsCl, producing electrodes with a conductivity of 380 ± 30 mS/cm and a compressive stress
of 1.5 ± 0.4 MPa. Lastly, the potential of food grade products for use as edible electrodes was
examined by analysing the electrical properties of alginate-gelatin hydrogels, Vegemite, Marmite,
jelly and gold leaf.
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3.2 Introduction
GI conditions are an extremely prevalent health concern in the medical community with irritable
bowel syndrome occurring in approximately 10-15% of americans49. However, over three
quarters of those with IBS are not aware of this as traditional means of detecting these conditions
before they become symptomatic being expensive, dangerous and very invasive.51 Recently, a
less invasive, simpler alternative has emerged known as electronic capsules.
Electronic capsules are small, swallowable devices which pass through the digestive system
monitoring or treating the condition of the GI tract.54,55,57,59 However, capsule retention has been
shown to occur in approximately 1.9% of cases.52 Therefore as these capsules contain toxic
components, this technology cannot be used for regular GI treatment or diagnostics. To
circumvent this issue of retention a field of research has emerged known as edible devices.
Edible devices or bioelectronics offer a possible solution to capsule retention as devices are
constructed from edible materials which can be reabsorbed by the body.65 This ability for devices
to be digested makes them ideal candidates for regular (e.g. weekly or daily) monitoring or
treatment of the GI tract. Although edible devices are a recent advent several simple constructs
have been demonstrated, such as edible batteries75,76, temperature sensors89 and an edible RFID
tag.72 The construction of edible electronics requires the use of consumable materials which can
be chemically modified to withstand the harsh conditions of the GI tract and display properties
useful for device development such as conduction. Hydrogels are presented as an ideal candidate
to achieve these goals.
Hydrogels are materials consisting of hydrophilic polymer networks which can hold vast
quantities of water. When these polymers are swollen in water they become soft and rubbery and
can easily mimic the elastic modulus of biological tissue.149 They can be manufactured to be
biodegradable, biocompatible and responsive to external stimuli, such as electrical or
environmental changes.150 These polymers are common in everyday products such as diapers154,
wound dressings155 and contact lenses156. Most importantly for edible devices is that these
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materials are widespread in food products, with common hydrogel forming polymers, such as
alginate, gellan gum and gelatin being key ingredients in ice cream, yogurt and
marshmallows.147,158,159 Therefore, as hydrogels are cheap, abundant, elastic and digestible they
are an ideal material for edible electronics. However, most hydrogels are typically mechanically
weak and need to be reinforced for application in edible devices.
One method used to increase the mechanical properties of these hydrogels is to produce what is
known as an interpenetrating polymer network (IPN).243,275 IPNs are produced via the uniform
mixing of two independently crosslinked polymer networks. Ionic-covalent entanglement (ICE)
hydrogels are a unique form of IPNs, consisting of entangled ionic and covalently crosslinked
polymer networks.152,276,278–280,282 ICE gels exhibit excellent self-recovery properties and high
mechanical toughness. This is a result of sacrificial (and reversible) bonds unziping over a large
area when under stress, dissipating the load throughout the polymer network. 280 Furthermore, it
has recently been demonstrated that these ICE gel materials can be 3D printed for rapid
prototyping of devices.319 In addition to this, these materials can be made responsive to external
stimuli (heat, humidity, etc.) for the creation of 4D printed devices such as temperature responsive
valves.152,319 As hydrogels inherently possess little or no electrical conductivity, methods to induce
conduction need to be explored to enable their use as edible electronics.
Conducting hydrogels have typically been produced via the addition of a secondary conducting
polymer phase, such as poly(3,4-ethylenedioxythiophene) (PEDOT)237,254,259 or adding
conductive fillers, such as carbon nanotubes.257 However, as electronic conductors are inhibited
by the inclusion of water, these gels must be dehydrated to raise their conductivities. Therefore,
the production of hydrogels which are both highly swollen (>80% w/w water) and conductive
(>100 mS/cm) have proven unsuccessful. Ionic conduction presents a possible solution to this
problem, since conduction via ionic charge carriers is facilitated, rather than impeded, by the
inclusion of water.
In this paper, we describe the preparation and characterisation of mechanically robust, conducting
hydrogel electrodes from edible materials. Gels were produced using food grade materials and
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modified via the addition of ionic charge carriers by soaking in a salt solution to induce
conduction. Furthermore, the conductive properties of common supermarket products Vegemite,
Marmite, jelly and gold leaf were investigated.
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3.3 Materials & Methods

3.3.1 ICE hydrogels preparation

ICE gels were prepared by adding 1 g gellan gum (low acyl, Gelzan-CM, CP Kelco, lot number:
1I1443A) to 100 mL of Milli-Q water (resistivity, 18.2 MΩ cm) and stirred at 80oC and 300 rpm
(Stuart hotplate stirrer, CB162, Australia). 1.75 g gelatin (porcine, type A, Bloom number 300,
molecular weight 87.5 kDa, Sigma Aldrich, USA, lot number: 119K0062) was added and
followed by Ca2+ 2% w/w (Sigma Aldrich, Australia, lot number: MKBG9652V). Lastly, 25%
w/w genipin (Challenge Bioproducts, Taiwan) was added and stirred for 3 minutes. 25% w/w
genipin was used as previous studies showed that 25% w/w genipin for gellan gum/gelatin ICE
composites provided optimal mechanical properties.191,278,279 The solution was poured into a glass
Petri dish (5 cm diameter) or plastic mould (Figure 2b) sealed and left to cure for 24 hours at
21oC.
Addition of ionic charge carriers prior to gelation
ICE gels with varying concentrations of Ca2+ and Na+ in place of the 2% w/w Ca2+ described
above. The amounts of CaCl2 and NaCl (Sigma Aldrich, Australia, lot number: MKB9892V)
added to reach the required Ca2+ % w/w and Na+% w/w concentrations are found in Tables 3.1
and 3.2, respectively.

Table 3.1 Quantities of CaCl2.2H2O added for different Ca2+ %w/w used in preparing ICE gels.

Ca2+ (%w/w)

0.4

0.8

2

4

8

20

CaCl2.2H2O (g) 0.015 0.029 0.073 0.147 0.293 0.734
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Table 3.2 Quantities of NaCl added for different Na + %w/w used in preparing ICE gels.

Na+ (%w/w)
NaCl (g)

25

50

70

0.6 1.3 1.8

80 100
2

2.5

Addition of ionic charge carriers after gelation
Hydrogels were prepared according to section 2.2.1 Once set, gels were soaked in 2, 4.4 or 6.2
molar concentrations of NaCl solution for 24 hours in a sealed container.
During conductivity optimisation, ICE hydrogels were soaked in 11 molar concentrated CsCl
(Sigma Aldrich, Australia, lot number: SLBF2545V) solutions for 24 hours in a sealed container.

3.3.2 Edible robust hydrogel electrode preparation

3 g of food grade gelatin (McKenzie’s, Woolworths, Australia) was dissolved in 100mL tap water
(University of Wollongong, Australia) at 80oC and 300 rpm. To this 2 g of food grade sodium
alginate (The Red Spoon Co., Gourmet Goldmine, Australia) was dissolved and the solution was
poured into a glass Petri dish or plastic mould. Samples were soaked in 1 M CaCl 2 (The Red
Spoon Co., Gourmet Goldmine, Australia) for 1 hour, followed by soaking in a saturated (6.2 M)
solution of food grade NaCl (Table salt, naturally evaporated sea salt, Woolworths, Australia).

3.3.3 Food grade conducting line preparation

The conductivity of food grade products was investigated by drawing lines of Vegemite (Fred
Walker & Co), Marmite (Sanitarium Health and Wellbeing Company), Edible gold leaf (12 Karat
white gold, The Gold leaf Factory, Australia) and aeroplane jelly, (10% w/v) (Blackcurrant 25%
reduced sugar, Woolworths, Australia) soaked in food grade NaCl Salt (29% w/v) (SAXA,
Woolworths, Australia).
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3.3.4 Water content

Water content %(w/w) of the hydrogels was calculated using the following equation:
𝑠𝑤𝑜𝑙𝑙𝑒𝑛 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙−𝑑𝑟𝑦 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙
)𝑥
𝑑𝑟𝑦 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙

𝑊𝐶 = (

100

(2.1)

3.3.5 Volume change from swelling

Volume change as a result of soaking hydrogels in a salt solution was measured using the
following equation:
𝑠𝑤𝑜𝑙𝑙𝑒𝑛 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙 𝑣𝑜𝑙𝑢𝑚𝑒−ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑎𝑡 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑠𝑡𝑎𝑡𝑒
)𝑥
ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑎𝑡 𝑟𝑒𝑓𝑒𝑟𝑒𝑛𝑐𝑒 𝑠𝑡𝑎𝑡𝑒

(

100

(2.3)

3.3.6 Compression testing

Compression analysis was performed using a universal mechanical testing apparatus (EZ-S,
Shimadzu, Japan). Gellan gum/gelatin ICE gel samples were cut into cuboids of 10 mm x 10 mm
x 10 mm. Alginate/gelatin robust hydrogels were cut into cylinders of 15 mm diameter & 10 mm
height and immersed in a 1 M CaCl2 solution for 1 hour. All samples were compressed at 1
mm/min at 21oC.

3.3.7 Tensile testing

Tensile analysis was performed using a universal mechanical testing apparatus (EZ-S, Shimadzu,
Japan). Gels for tensile testing were cast in a dog bone plastic mould of 5 mm thickness, neck
width of 6 mm & gauge length of 20 mm and extended at 1 mm/min at 21oC.
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3.3.8 Impedance spectroscopy

The impedance behaviour of the gel samples were obtained for frequencies between 1 Hz and 100
kHz. The impedance measurements were conducted on gels with cross-sectional area of 0.3 cm2
at 5 different lengths (0.5 cm - 2.5 cm).
Impedance analysis was performed by applying 1 V (alternating signal) using a waveform
generator (Agilent U2761A) across the circuit with a known resistor (R k) and measuring the
voltage drop using an oscilloscope (Agilent U2701A) across the gel sample.
Equivalent circuit modelling was performed to elucidate the impedance behaviour of hydrogel
samples. Three-parameter fits of resistors, Warburg elements and capacitors in series were
computationally modelled.

75

Chapter 3 Edible Conductive Materials

3.4 Results & Discussion
ICE hydrogel samples were prepared using the hydrogel forming polymers gelatin and gellan gum
(Figure 3.1a). The interaction between the ions and the polymer networks was investigated by
examining the resulting effects on the mechanical and electrical characteristics of the gels.

Figure 3.1 a) Gellan gum/gelatin ICE hydrogels cut into 10 x 10 x 10 mm 3 cubes. b) Gellan
gum/gelatin ICE hydrogels in impedance moulds with (left) and without (right) RVC electrodes. c)
LED illumination via conduction through an ionically (NaCl) conducting gellan gum/gelatin ICE
hydrogel. d) Vegemite used to complete an electrical circuit and light an LED. e) LED illumination
via conduction through an ionically (NaCl) conducting edible jelly (Blackcurrent flavouring). f)
Food grade materials used to construct a capacitive pressure sensor with electrodes made using
ionically (NaCl) conducting gellan gum/gelatin ICE hydrogel and a genipin-gelatin dielectric.
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3.4.1 Electrical characterisation

A Bode plot of the impedance magnitude as a function of frequency is plotted for each hydrogel
of varying channel length (Figures 3.2 and 3.3). As the frequency is increased, there is a
corresponding decrease in the impedance magnitude. This correlates to the transition of the ion
mobility from long range motion to short range motion.249 The complete switch to short range
motion is indicated by the impedance becoming independent of frequency. This can be explained
by the ions becoming trapped within their potential wells at high frequencies. 263 The magnitude
at which the impedance becomes independent of frequency is referred to as RI. Equivalent circuit
modelling was used to determine the RI value.

Figure 3.2 Frequency dependent impedance plots for a 0.5 cm gellan gum/gelatin ICE gel after 24
hours soaking in an 11 molar (saturated) concentration of CsCl solution at 21 oC. Solid line
represents data modelled from equation 2.7.
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Figure 3.3 Typical Bode plots of gellan gum/gelatin ICE gels a) crosslinked with 2% (w/w) Ca 2+ asprepared, c) soaked in a 6.2 M NaCl solution and e) an 11 M CsCl solution at 21 oC. Samples of
gellan gum/gelatin ICE gel resistances as a function of gel length b) as-prepared, d) soaked in a 6.2
M NaCl solution and e) soaked in an 11 M CsCl solution at 21 oC. Trend lines in b), d) and f) are fits
to equation 2.10.

Modelling impedance behaviour
The frequency-dependent behaviour is suggestive of diffusion-based charge carrier mobility. As
such, the hydrogel can be modelled as a complex combination of components including a
Warburg diffusion element. It is proposed that the hydrogel is behaving like a Warburg diffusion
element (Zw) in series with a resistor (RI) and capacitor (ZC) according to the following equation:

2
│𝑍│ = √𝑅𝐼2 + √𝑍𝑊
+ √𝑍𝐶2
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ZW and ZC may be described as:

Z𝑊 =

Z𝐶 =

√2𝑊
√𝑓
1
2𝜋𝑓𝐶

(2.8)

(2.9)

where f is the frequency, W is the diffusion and C is the capacitance. The capacitive component
of the hydrogel may be attributed to the electronic double layer which develops between the ionic
charge carriers and the electrodes.260
The electrical impedance as a function of frequency was computationally modelled using a 3parameter fit to equation 2.7, to provide values for RI, ZW and ZC. Figure 3.2 illustrates a typical
graph of experimental vs modelled data. As can be seen, the experimental data has a very close
fit to the modelled data, indicating that the proposed equivalent circuit model of a capacitor,
resistor and Warburg diffusion element in series can be used to study the gels ionic conductivity.
Furthermore, the resistive component is representative of the impedance at high frequencies
(where diffusion and capacitance are negligible) and increases with length allowing for the
following equation to be applied:

𝑅𝐼 =

𝐿
+ 𝑅𝑐
𝜎𝐴𝑐

(2.10)

where L is length, Ac is cross-sectional area and Rc is contact resistance. By plotting RI as a
function of the lengths of the samples, the data can be fitted to equation 2.10; yielding the
conductivity (σ) and contact resistance (Rc) (Figure 3.3).

3.4.2 Increase ionic charge carriers

Optimisation of the ionic conductivity was sought by means of introducing large quantities of
ionic charge carriers via two different methods.236,261,264–266 Using a gellan gum/gelatin ICE gel,
the addition of ionic charge carriers was explored by (i): increasing the concentrations of ionic
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species prior to gelation or (ii): increasing the concentrations of monovalent ions after gel
formation.

Increasing concentrations of calcium chloride prior to gelation
CaCl2 is a standard cross linker of gellan gum. The effect of increasing concentrations of Ca 2+
cross linkers, from 0.4% to 20% w/w (to gellan gum), was investigated. The results are illustrated
in Figure 3.5a and summarised in Table 3.3.
Table 3.3 Mechanical and electrical properties for gellan gum/gelatin ICE gels made using different
%w/w concentrations of Ca2+ cross linkers at 21oC. σc, ɛt, Ec, U and σ indicate compressive stress at
failure, compressive strain at failure, secant modulus (20%-30%), strain energy to failure and
conductivity, respectively.

Ca2+ (%w/w)

0.4

0.8

2

4

8

20

0.3 ± 0.1

0.5 ± 0.1

1.0 ± 0.2

0.9 ± 0.2

0.5 ± 0.1

0.11 ± 0.01

78 ± 6

79 ± 2

84 ± 3

82 ± 2

69 ± 4

36 ± 1

0.16 ± 0.01

0.15 ± 0.02

0.15 ± 0.02

0.14 ± 0.01

0.29 ± 0.03

0.33 ± 0.04

70 ± 20

90 ± 10

130 ± 30

130 ± 20

100 ± 20

18 ± 2

1.2 ± 0.1

1.3 ± 0.1

1.5 ± 0.1

1.8 ± 0.1

4.4 ± 0.6

13.0 ± 0.4

Compressive
stress at failure

σc (MPa)
Compressive
strain at failure ɛt

(%)
Secant modulus

Ec (MPa)
Strain energy to
failure

U (kJ.m-3)
Conductivity

σ (mS/cm)
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Figure 3.5a shows a summary of conductivity and compressive stress at failure as a function of
Ca2+ %w/w. As can be seen, optimal compressive strength is achieved at 2% w/w Ca 2+ to gellan
gum and that increasing the concentration of ionic cross linker above this value results in a
decrease in mechanical strength of the gels. Furthermore, it was observed that no significant
increase in conductivity occurs for concentrations below 2% w/w Ca2+.
These results indicate that up until 2% w/w Ca2+, all calcium ions participate in ionic bonding of
the gellan gum network. At concentrations above 2% w/w Ca2+ an almost linear increase in
conductivity can be observed. This is thought to result from optimal crosslinking being achieved
when the concentration of calcium ions reaches stoichiometric equivalence to the carboxylate
groups (one Ca2+ for every two carboxylate groups).147 Therefore, free ions available for
conduction may only be created after all available carboxylic acid groups are crosslinked.
However, compressive stress at failure of the gels decreases with increasing concentrations of
cross linker (Table 3.3). This behaviour has previously been attributed to calcium ions inducing
molecular shielding/hindrance of the gelatin networks.279 This shielding prohibits the formation
of the covalent cross linkages in the gelatin network, resulting in reduced gel strength. Another
possible explanation is that the gelation time for genipin is drastically increased when ions are
added. However, this project required relatively fast gelation to facilitate applications such as 3D
printing so superior methods to produce highly conductive, robust edible conductors were
explored.
Therefore, by increasing the concentration of Ca2+ cross linker, an increase in the conductivity of
the hydrogels can be achieved, however, this increase in conductivity corresponds with a decrease
in mechanical strength of the ICE gels. Consequently, a simultaneously highly conductive and
strong hydrogel cannot be achieved using this method.
To overcome the phenomenon of diminishing strength with increasing conductivity, sodium
cations were explored, since monovalent salts require much larger concentrations to initiate the
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gelation of gellan gum.147,199 It was proposed that increasing concentrations of sodium ions could
therefore be introduced without compromising strength.

Increasing concentrations of sodium chloride prior to gelation
Monovalent cross linkers, such as Na+, are known to be less effective at initiating gelation of the
gellan gum network; forming a coordination complex rather than ionic bonds between carboxyl
groups along the gellan gum chains.147,199,200 This form of monovalent crosslinking can require up
to 30 times the cationic concentration compared with divalent crosslinking to achieve a maximum
in compressive stress at failure. Therefore, monovalent ions were introduced to the ICE hydrogels
during mixing to examine if an increase in the ionic conductivity of the ICE gels could be achieved
without sacrificing mechanical characteristics. The results are displayed in Figure 3.4 and Table
3.4.

Figure 3.4 Summary of conductivity (blue) and compressive stress at failure (red) as a function Na +
%w/w cross linker concentration of ICE gels at 21oC.
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Table 3.4 Mechanical and conductive properties for gellan gum/gelatin ICE gels using different
%w/w concentrations of Na+ cross linkers at 21oC. σc, ɛt, Ec, U and σ indicate compressive stress at
failure, compressive strain at failure, secant modulus (20%-30%), strain energy to failure and
conductivity, respectively.

Na+ (%w/w)

25

σc (MPa)

0.5 ± 0.1

ɛt (%)

75 ± 1

Ec (MPa)

50

70

80

100

0.27 ± 0.02 0.17 ± 0.03 0.19 ± 0.05 0.15 ± 0.03
59 ± 5

45 ± 3

47 ± 5

44 ± 3

0.32 ± 0.03 0.40 ± 0.03 0.38 ± 0.03 0.39 ± 0.08 0.31 ± 0.06

U (kJ.m-3)

110 ± 10

65 ± 5

35 ± 5

40 ± 10

29 ± 4

σ (mS/cm)

10 ± 1

22 ± 1

31 ± 2

34 ± 3

83 ± 7

It was found that 25% w/w Na+ produces the strongest hydrogels and that increasing the
concentration of ionic cross linker above this value resulted in a decrease in mechanical strength.
Figure 3.4 demonstrates that Na+ concentrations from 25 to 70% w/w results in proportional
increases in conductivity. The conductivity rapidly increases with increasing amounts of Na+
cross linkers after 70% w/w Na+ which corresponds with a plateau of compressive stress at failure.
By a comparison of Table 3.3 and table 3.4 it can be seen that the ICE gels made using monovalent
sodium ions result in weaker gels. The resulting weaker ICE gels were unexpected, as other
studies which used monovalent cations, such as potassium chloride320, were able to produce
stronger gellan gum gels when compared to crosslinking via divalent cations. This decrease in
strength for monovalent crosslinked gels may be a result of the sodium coordination complexes,
which form during monovalent crosslinking being less effective at dissipating loads within an
ICE gel compared to divalent ionic bonding. In addition to this, a conductivity of greater than 100
mS/cm could not be achieved without sacrificing considerable hydrogel strength.
It was observed that greater quantities of sodium ions, compared to calcium ions, could be used
to crosslink the gellan gum/gelatin ICE gels without such drastic reductions in mechanical
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properties. This was seen that ICE gels crosslinked with Na+ had a change of maximum
compressive stress from 0.5 ± 0.1 MPa to 0.27 ± 0.02 MPa when the crosslinking concentration
increased from 25% w/w to 50% w/w. In contrast, ICE gels crosslinked with Ca 2+ had a change
in maximum compressive stress of 1.0 ± 0.2 MPa to 0.5 ± 0.1 MPa when the crosslinking
concentration was increased from 2% w/w to 8% w/w. Hydrogels which were crosslinked with
Na+ could be produced with a compressive strength of 0.5 ± 0.1 MPa and a conductivity of roughly
10 ± 1 mS/cm, while a Ca2+ crosslinked ICE gel with equivalent strength had a conductivity of
roughly 4.4 ± 0.6 mS/cm.
Consequently, as with Ca2+ the conductivity of the Na+ crosslinked ICE gels was enhanced with
increasing amounts of salt added but were accompanied with a reduction in gel strength.
Therefore, to overcome this addition of ions post gelation of gellan gum/gelatin ICE gels with 2%
w/w Ca2+ was investigated.

3.4.3 Post-gelation ion addition

The introduction of ions during gelation was found to interrupt the formation of covalent bonding
between carboxylate groups along the gelatin network. This was thought to be a result of the
excess ions molecular shielding/hindrance of the carboxylate charges, preventing the genipin
from initiating nucleophilic substitution.
Therefore, an examination of the interactions between the excess ionic species and gellan
gum/gelatin ICE gels after gelation was performed in order to circumvent this phenomenon.

ICE gel soaked in sodium chloride post gelation
The gellan gum/gelatin ICE gels were prepared as described in section 2.2.1 using Ca2+ (2% w/w
to gellan gum) and genipin (25% w/w to gelatin). After gelation, the hydrogels were soaked in
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various concentrations of NaCl for 24 hours, with the effect on the mechanical and conductive
properties shown in Figure 3.5b and summarised in Tables 3.5 and 3.6.

Figure 3.5 a) Summary of conductivity (blue) and compressive stress (red) at failure as a function
of Ca2+ cross linker concentration of different ICE gels at 21 oC. b) Summary of compressive stress
at failure and conductivity as a function of NaCl solution molarity in which the ICE gels prepared
with 2% w/w Ca2+ (to gellan gum) and 25% w/w genipin (to gelatin) were soaked for 24 hours at
21oC. Solid lines are a guide for the reader’s eye.

It was seen that the introduction of NaCl ions had no adverse effect on the mechanical properties
of the gel. This is a dramatic improvement compared to ICE gels which had ions added prior to
gelation. ICE gels soaked in a 6.2 molar (saturated) concentration of NaCl solution, exhibited a
maximum compressive stress of 1.4 ± 0.2 MPa and compressive strain of 91% ± 3% (Table 3.5).
The ICE gels increase in mechanical performance may be attributed to the excess ions causing
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charge shielding of the functional groups along the polymer chains. This shielding of the charged
functional groups reduces the repulsive forces between chains and results in increased chain
associations and stronger gels. However, there was a reduction of the secant modulus when salt
was added to the polymers. This indicates a reduction of the gels stiffness. Similarly the decrease
in stiffness of the polymer may also be due to the charge shielding of the functional groups
allowing the chains to be compressed together with less resistance.
The results from Figures 3.4b and Table 3.6 demonstrate that increasing concentrations of NaCl
led to an increased ionic conductivity of the hydrogels, i.e. 200 ± 19 mS/cm when soaked in ~6.2
molar (saturated) NaCl. This is considerably higher compared to the conductivities of ICE
hydrogels prepared with addition of ions prior to gelation. It should be noted that these gels had
a water content of 81% ± 1% w/w. The conductivity observed for these ion soaked ICE hydrogels
was the highest amongst conductive hydrogels in the literature with water contents above 80%
w/w, to the best of our knowledge. Furthermore, the literature value for a saturated solution of
NaCl (at 25oC) is 249 mS/cm321 indicating that although the polyelectrolyte networks have a
dampening effect on the conductivity, most likely as a result of the interactions of the ions with
the charged functional groups, this dampening is very minimal.
Using the modelling described in section 3.4.1 the Warburg element was found to decrease from
2500 ± 300 Ω/s1/2 to 440 ± 40 Ω/s1/2 when modelling as prepared gels and gels soaked in a 6.2 M
NaCl solution, respectively. This indicates that as the conductivity of a gel increases due to the
increased concentration of salt, the Warburg element decreases. Furthermore, it was observed that
the capacitance of the gels increases as a result of using higher concentrations of NaCl. This is to
be expected when adding increasing amounts of charge carriers to the system. However, for the
as prepared gels the capacitance was too low to be modelled using equation 2.7 so was considered
to be negligible; ICE gels soaked in a 2 M NaCl solution displayed an unusually high capacitance.
This high capacitance was thought to be a result of the limitation of the software.
These results indicate that soaking hydrogels in a salt (NaCl) solution can be used as an easy
method to create highly conductive gels without sacrificing mechanical characteristics.
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Table 3.5 Mechanical properties of hydrogels after 24 hours immersion in different concentrations
of salt solution. ICE-Ca2+ are gellan gum/gelatin ICE gels containing 2% Ca2+ (w/w) and Alg-Gel
are robust hydrogel electrodes made from food grade alginate and gelatin. σc, ɛc, Ec, U and σ
indicate compressive stress at failure, compressive strain, secant modulus (20-30%) and strain
energy to failure, respectively.

Gel

Soaking

Concentration

σc (MPa)

Ec

ɛc (%)

U (kJ/m3)

(MPa)
ICE-Ca2+

1.0 ± 0.2

84 ± 3

0.15 ± 0.05

130 ± 30

ICE-Ca2+

NaCl

2M

1.0 ± 0.2

84 ± 3

0.13 ± 0.01

140 ± 30

ICE-Ca2+

NaCl

4.4 M

1.3 ± 0.2

88 ± 3

0.09 ± 0.04

160 ± 30

ICE-Ca2+

NaCl

6.2 M

1.4 ± 0.2

91 ± 3

0.07 ± 0.02

150 ± 40

ICE-Ca2+

CsCl

11 M

1.5 ± 0.4

91 ± 2

0.06 ± 0.02

150 ± 20

6.2 M

2.2 ± 0.2

83 ± 6

0.26 ± 0.07

310 ± 25

NaCl
Alg-Gel
(table salt)

Table 3.6 Electrical properties of hydrogels after 24 hours immersion in different concentrations of
salt solution. ICE-Ca2+ are gellan gum/gelatin ICE gels containing 2% Ca2+ (w/w) and Alg-Gel are
robust hydrogel electrodes made from food grade alginate and gelatin. σ, µw and C indicate
conductivity, Warburg coefficient and capacitance, respectively.

Gel

Soaking

Concentration

ICE-Ca2+

Water

σ
(mS/cm
)

µw

C

(Ω/s1/2)

(µF)

Content
(%)

1.5 ± 0.1

2500 ± 300

-

98 ± 1

ICE-Ca2+

NaCl

2M

110 ± 10

530 ± 10

28 ± 6

89.9 ±
0.1

ICE-Ca2+

NaCl

4.4 M

180 ± 30

490 ± 10

21 ± 1

83.3 ±
0.9

ICE-Ca2+

NaCl

6.2 M

200 ± 19

440 ± 40

24 ± 4

81 ± 1

ICE-Ca2+

CsCl

11 M

380 ± 30

350 ± 20

41 ± 5

36 ± 1

Alg-Gel

NaCl (table salt)

6.2 M

190 ± 20

550 ± 20

50 ± 3

62 ± 3
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3.4.4 Optimisation of conductivity

Means of optimising the system for enhanced electrical properties were explored by altering the
type of ionic charge carrier used for conduction within the gellan gum/gelatin ICE gels.

Caesium chloride
Ion mobility is strongly related to Stokes radius of a molecule, whereby a small Stokes radius
results in high ion mobility.322 Large monovalent ions have a small Stokes radius. Subsequently,
caesium is the largest of the alkali metals (excluding radioactive francium) and therefore should
have the lowest Stokes radius (and highest mobility) out of all monovalent cations. 323
Furthermore, the solubility of alkali metal salts increases as the cation lies further down the
periodic table. Therefore, as caesium chloride has a very high solubility and mobility it was used
to optimise the electrical characteristics of the hydrogel. Results are summarised in Table 3.5 and
3.6.
ICE gels soaked in an 11 molar (saturated) concentration of CsCl solution exhibited a maximum
compressive stress of 1.5 ± 0.4 MPa and compressive strain of 91% ± 2%. There was also a
distinct reduction in the stiffness of the gels. The effects of inclusion of CsCl into the ICE gel
mirror those observed using NaCl. This may once again be attributed to charge shielding of
function groups by the added salt. Therefore, from these results and those presented in section
3.4.3, it can be seen that the reduction of stiffness of the hydrogels and enhanced mechanical
performance are not unique to the type of salt used to submerge the gels but are commonly
observed when excess ions are introduced into ICE hydrogels post gelation.
From the results shown in Table 3.6, by soaking ICE gels in approximately 11 molar (saturated)
concentrated caesium chloride solution hydrogels were produced with a conductivity of 380 ± 30
mS/cm and a water content of 36% ± 1% w/w. The water content appears to drastically reduce,
from 97.5% to 36% when compared to as prepared gels. However, this is largely a result of the
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addition of large quantities of CsCl salt reducing the mass fraction of the water rather than a
consequence of dehydration of the gels. This can be seen in Table 3.5 whereby a reduction in
water content via addition of salt did not result in a loss of mechanical properties and no
observable change in the swelling volume of the gels after soaking in a salt solution.
Furthermore, the additions of large quantities of CsCl were also shown to reduce the Warburg
element of the gels for as prepared gels and CsCl soaked gels, respectively. In addition to this, the
capacitance was shown to drastically increase for the CsCl soaked ICE gels. These results reflect
the trend whereby use of salt increases the conductivity of the gels, reduces the Warburg element
and raises the capacitance, as was seen when using NaCl.
This further highlights this method as a means of inducing high conduction within hydrogels
without sacrificing mechanical properties.

3.4.5 Edible robust hydrogel electrodes

Using the premise that ionic species can be used to create highly conductive hydrogels the
construction of simple, highly conductive, robust electrodes made from food grade products
purchased from supermarkets and online gourmet shops was explored. A highly conductive
hydrogel electrode was produced using a hybrid gel of alginate and gelatin (Alg-Gel) crosslinked
by soaking for 1 hour in a 1 M CaCl2 solution. This was followed by immersing the gel in a
saturated (6.2 M) table salt (NaCl) solution for 24 hours. The mechanical and electrical properties
of this hydrogel were examined with the results shown in Tables 3.5, 3.6 and 3.7.
The hydrogel exhibited a conductivity of 190 ± 20 mS/cm, a compressive stress at failure of 2.2
± 0.2 MPa and a water content of 62% ± 3%. Tensile testing of the gels revealed a maximum
tensile strength of 62 ± 17 kPa and a strain of 98% ± 28%, respectively. These findings
demonstrate the creation of a conductive and robust hydrogel system from food grade materials
which can be used for the advancement of edible devices. However, if used in vivo these
conductors would be susceptible to complications of osmotic cracking, ion exchange, functional
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group protonation, etc as a result of the interactions of the ions with the surrounding gastric fluids.
Therefore in future work, the advancement from in vitro to in vivo studies must pertain the use of
encapsulation.

Table 3.7 Mechanical properties of Alg-Gel hydrogel electrodes under tension after immersing gels
in a saturated (6.2M) table salt solution for 24 hours. σ t, ɛt, Et and W indicate tensile stress at
failure, tensile strain, Young’s modulus and work of extension, respectively.

σt

ɛt

Et

W

(kPa)

(%)

(kPa)

(kJ/m3)

62 ± 17 98 ± 28 72 ± 4

34 ± 10

3.4.6 Conductive patterns from commercially available edible products

To assess the potential of common food products to assist in the creation of edible electronics,
two edible spreads already containing salt (Vegemite and Marmite) and an edible jelly (Aeroplane
Jelly) with added table salt were investigated.
Vegemite and Marmite are common condiments which contain large quantities of salt. These
products were studied to evaluate their capacity to act as conductive connections in edible devices.
The results are displayed in Table 3.8. It was found that both these products are inherently
conductive displaying conductivities of 20 ± 3 mS/cm and 13 ± 1 mS/cm for Vegemite and
Marmite, respectively. The conductivity of these condiments is a result of the salt contained with
them as Vegemite has a sodium content of 3.45% w/w324 and Marmites contains a sodium and
potassium content of 3.31% w/w and 2.86% w/w, respectively.325 However, although Marmite
appears to have a higher quantity of salt, Vegemite displays superior conductivity. This is most
likely a result of the higher water content within Vegemite (33% w/w) compared to Marmite (29%
w/w) resulting in a higher conductivity as, according to the temperature-frequency-moisture
superposition principle, an increase in the hydration of the gels is akin to an increase in
temperature leading to higher conductivities within ionic conductors.263–265
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Modelling of the impedance behaviour demonstrated that the capacitance for Vegemite and
Marmite was also shown to be similar. Vegemite was shown to have a higher conductivity than
Marmite, however the Warburg element for Vegemite was higher and the capacitance lower than
Marmite. This indicates that the Warburg element and capacitance of the conductors is strongly
related to the concentration of salt in the gels rather than the overall conductivity.
Furthermore, the edible gelatin product aeroplane jelly was explored to observe if it could be
constructed into conductive materials via the inclusion of table salt during preparation. It was
shown that the resulting materials using a one-pot synthesis method with jelly, displayed a
conductivity of 150 ± 20 mS/cm at a water content of 70% ± 2% w/w.
Finally, electronically conductive edible gold leaf was analysed to observe its potential for the
construction of edible electrodes. It was found to display a conductivity of 3.8 x 108 ± 5.0 x 107
mS/cm.

Table 3.8 Electrical properties and water contents of Food products Vegemite, Marmite and Jelly
with table salt. σ, µw and C indicate conductivity, Warburg element and capacitance, respectively.

Material

σ (mS/cm)

µw (Ω/s1/2)

C (µF) Water Content (%)

Vegemite

20 ± 3

2280 ± 90

14 ± 1

33 ± 1

Marmite

13 ± 1

1900 ± 200

18 ± 5

29 ± 1

Jelly

150 ± 20

550 ± 70

58 ± 8

70 ± 2

N/A

N/A

N/A

Gold Leaf 3.8 x 108 ± 5.0 x 107
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3.5 Conclusion
Edible devices offer physicians and researchers new opportunities to develop medical instruments
for monitoring and treating the GI tract without risk of retention. Materials that are mechanically
robust, electrically conductive and digestible are essential to further this field of research. During
this study, food grade hydrogel materials were explored to optimise their mechanical and
electrical properties for applications as components in edible devices.
It was found that the modification of hydrogels via the inclusion of ionic species resulted in large
increases in conductivity without sacrificing mechanical characteristics. ICE hydrogels made of
gelatin and gellan gum containing either NaCl or CsCl conductive species exhibited
conductivities of 200 ± 19 mS/cm and 380 ± 30 mS/cm, respectively, and maximum stress till
failures of 1.4 ± 0.2 MPa. and 1.5 ± 0.4, respectively.
We demonstrated that hydrogel electrodes could be achieved using table salt and food grade
gelatin and alginate. The resulting electrodes from these edible supermarket products exhibited a
conductivity of 190 ± 20 mS/cm and compressive stress at failure of 2.2 ± 0.2 MPa. In addition,
the common food additives vegemite, marmite aeroplane jelly and gold leaf were analysed to
determine their electrical properties for potential use as edible electrodes. The conductivities were
20 ± 3 mS/cm, 13 ± 1 mS/cm, 150 ± 20 mS/cm and 3.8 x 108 ± 5.0 x 107 mS/cm for vegemite,
marmite aeroplane jelly and gold leaf, respectively. This highlights the potential for edible
materials sourced from supermarkets for use in fabrication of electrodes.
From the work presented in this study we have established effective, simple methods for the
creation of edible, conductive, robust materials for edible device research and development.

92

Chapter 4 Edible Devices

Chapter 4 Edible Devices
This chapter is based on the following published manuscripts:
1. Keller, A., Pham, J., Warren, H. & in het Panhuis, M. Conducting hydrogels for edible
electrodes. J. Mater. Chem. B 5, 5318–5328 (2017).
2. Keller, A., Stevens, L., Wallace, G. G. & in het Panhuis, M. 3D Printed Edible
Hydrogel Electrodes. MRS Adv. 1, 527–532 (2016).
3. Keller, A., Benz, D. & in het Panhuis, M. Strain and Pressure Gauges from Tough,
Conducting and Edible Hydrogels. in MRS Online Proceedings Library 1795, 27–33
(2015).

Author Statement:
The work in this chapter was performed with the assistance of Leo Stevens, Dominic Benz
and Jonathan Pham. Leo Stevens performed the rheological analysis on the printed ICE wires.
Dominic Benz assisted with the data acquisition of the resistive pressure sensor and Jonathan
Pham assisted with the data acquisition and analysis of the capacitive pressure sensor. I, Alex
Keller, conducted, designed and performed all data analysis and other experiments, but always
with the support and guidance of Marc in het Panhuis and Holly Hunt.

I, Prof. Marc in het Panhuis (Supervisor), support and certify the above author statement.
_________________________
Marc in het Panhuis

93

Chapter 4 Edible Devices

4.1 Abstract
Biodegradable soft conductors have substantial potential in the field of bioelectronics, particularly
for the development of bioresorbable gastrointestinal tract devices. From our previous work it
was found that edible, robust conductive electrodes could be produced using a combination of
gelatin/gellan gum hydrogels and NaCl salt. Using this hydrogel formulation hand-held reactive
printing was explored to pattern highly conductive, versatile, edible hydrogel wires. The
conductivity of the gels when printed (190 ± 20 mS/cm) closely matched the conductivity
recorded for cast systems (200 ± 19 mS/cm). Furthermore, two simple edible sensors were
developed using this formulation. A simple, robust, edible resistive strain gauge/pressure sensor
was developed which exhibited a gauge factor and pressure sensitivity of 7.6 ± 0.1 & 400 ± 7
μΩ/Pa, respectively, for loads up to 3 kPa and 0.308 ± 0.002 & 7.17 ± 0.05 μΩ/Pa, respectively,
for loads between 9 kPa and 280 kPa. A more complex edible capacitive pressure sensor was also
developed, which displayed a sensitivity of 0.80 ± 0.06 pF/kPa for a range of 4-20 kPa. These
findings suggests potential for application in the detection of digestive pressure abnormalities
such as intestinal motility disorders.
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4.2 Introduction
Silicon based electronics are largely incompatible with living tissue, having no biodegradation
pathways and a mismatch in mechanical compliance. Despite this, silicon based electronics are
already in use in a wide variety of medical devices such as pacemakers326 and cochlear ear
implants.327 These systems rely on encapsulating electronic circuits within soft and impermeable
plastics, which provide a physical barrier between the electronics and the body. Because of their
construction, the systems never fully integrate with their host tissue, and remain at risk of fibrosis
and infection throughout the life of the implant, or until they are surgically removed.328 Replacing
traditional electronic materials with soft and bioresorbable alternatives provides the potential of
a new generation of implantable and edible electronics that are ultimately biodegraded with no
long-term health consequences.
Electronic capsules are gastrointestinal (GI) devices intended at replace previously invasive
procedures such as colonoscopies and endoscopies by fitting all components required for real time
monitoring and imaging of the GI tract within a pill.54,57 Whilst these pills are intended to be only
temporarily present in the GI tract, retention of these pills necessitates surgical recovery, a factor
that has reduced uptake of the technology.52 Bioelectronics offer a possible solution to pill
retention as simple GI monitoring devices can be constructed from bioresorbable materials.75,76
Hydrogels are hydrophilic polymer networks, able to absorb 99% (w/w) water 147 and with an
unmatched ability to mimic the mechanical properties, such as elastic modulus, of natural tissue
when swollen

147,159

. Biopolymer-based hydrogels are a promising material for bioelectronics

development as they are often biocompatible158, 3D printable152,329 and possess unique chemistries
that can be tailored for specific medical applications.191 Gelatin and gellan gum are two hydrogelforming biopolymers commonly used as food additives in products such as yogurt, ice cream and
jelly.159 These gels are generally soft and mechanically weak but may be rendered tough like
rubber using the ionic-covalent entanglement (ICE) approach.280 ICE gels are constructed through
the enmeshing of independently cross-linked ionic and covalent networks, resulting in synergistic
strengthening. Previously we have reported the use of salt-soaking to render these ICE gels highly
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conducting, a process that presents a pathway towards the production of soft, bioelectronic
devices.276
Herein, we describe simple yet effective methods of producing bioelectronics for the furtherment
of edible devices research. Using this ICE gel combination of gelatin/gellan gum and NaCl, handheld reactive extrusion printing was used to demonstrate the construction of customisable
bioresorbable ICE hydrogel wires. Lastly, using the edible ICE gel formulation a resistive strain
gauge/pressure sensor and capacitive pressure sensor was developed.
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4.3 Materials and Methods

4.3.1 Hand-held extrusion printing formulation

Hand-held printing of ICE gels was achieved using a recently published method. 330 First, a
gelatin-gellan gum-genipin solution was prepared. A 0.5% w/v solution of gellan gum (low acyl,
Gelzan-CM, CP Kelco) was supplemented with 0.875% w/v porcine gelatin (porcine, type A,
Bloom number 300, molecular weight 87.5 kDa, Sigma Aldrich, USA) and mixed at 70 oC. The
gelatin cross-linking species genipin (98 %, Challenge Bioproducts Co.) was added at 0.22% w/v
(25% w/w gelatin) and mixed for 3 min. a syringe loaded with 500 mM CaCl2 (Sigma Aldrich,
Australia) was loading into a Legardo 180 syringe pump (KD Scientific Inc.). A 45 cm line of
silicon tubing was used to connect this syringe to a customized luer-locking coaxial needle tip
(Ramehart) with inner diameter 200 µm, outer diameter 1 mm. A 10 mL Luer-lock syringe
(Harpool) was then filled with the gelatin-gellan gum-genipin solution and attached to the second
port of the coaxial needle. The biopolymer and CaCl2 solutions were then printed in a 10:1 ratio,
forming cylinders measuring 10 mm (h) x 15 mm (d) for mechanical testing, cylinders measuring
5 mm (h) x 15 mm (d) for rheometry or linear channels for electrochemical analysis. Gels of
identical formulation were also cast for comparison between cast and printed electrodes. All gels
were allowed to fully cure for 48 hours at 21˚C prior to testing.

4.3.2 Resistive strain gauge/pressure sensor

Resistive strain gauge/pressure sensors were developed using a very simple formulation. 1 g
gellan gum was dissolved in Milli-Q water (100 mL, resistivity 18.2 MΩ.cm) under rapid stirring.
1.75 g gelatin was added and dissolved under the same conditions. CaCl2 (2% Ca2+ w/w to gellan
gum) was added under stirring and heat. Finally genipin (25% w/w to gelatin) was added and
stirred for 3 minutes. The solution was poured into plastic moulds (height: 10 mm, diameter: 15
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mm). Samples were sealed and left to cure for 24 hours at 21 oC. Once cured, hydrogel samples
were soaked in a 6.2 M (saturated) concentration of NaCl solution for 24 hours. Analysis of the
hydrogel’s performance as a strain gauge and pressure sensor was examined by simultaneously
measuring the impedance change in the gels during compression to 50N.

4.3.3 Capacitive pressure sensor

Gelatin/gellan gum ICE gels were prepared according to section 2.2.1. Carbon fibres were placed
within the gel prior to gelation to establish connection between the electrodes and multimeter.
Electrodes were left to gel under ambient conditions for 1 hour at 21oC. Once gelled, electrodes
were cut into dimensions of 25 mm x 15 mm and stored in a glass petri dish with saturated (6.2
M) NaCl solution at 21oC for 24 hours.
The dielectric was prepared using a 10% w/w genipin to gelatin (GGN) hydrogel. These were
prepared by dissolving 3 g of gelatin in 30 mL of milli-Q water at 80oC under rapid stirring. 3 mL
of 25% w/v genipin (in a 60% ethanol 40% milli-Q solution) was added and allowed to stir for
90 seconds. Solutions were poured in a petri dish, sealed and allowed to gel for 24 hours at 21oC.
Once set, the hydrogels were cut into strips of 20 mm x 25 mm x 2 mm for use as a dielectric
layer.
The electrodes and dielectric were encapsulated using non-toxic, biodegradable cling wrap.
Assembly of the sensor was constructed by placing the dielectric layer in between the electrodes,
Figure 2.1. Electrodes were constructed with an overlapping dimension of 20 mm x 15 mm.
Layers were glued together.
Characterisation of the capacitive pressure sensors sensitivity was performed via measurement of
the capacitance change as a result of an applied force. A digital multimeter (Keysight Agilent
Technologies, 34410A) was used to record capacitance and the universal mechanical testing
apparatus was used to apply a constant compressive force. Devices were compressed at a rate of
1 mm/min to a maximum pressure of 20 kPa and then the applied load removed at a rate of 1
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mm/min. Each device had five cycles of an applied load of 20 kPa and this was repeated three
times and with three different sensors. Software used to obtain mechanical and capacitive data
were Trapezium and Benchvue, respectively.

Statistical modelling of noise
Limit of detection (LOD) for the capacitance pressure sensor was determined as follows:
𝐿𝑂𝐷 = 3 × 𝑅𝑀𝑆𝐷

(2.11)

where RMSD is the root mean square deviation and is determined by comparing experimental
noise to a modelled noise. The RMSD was calculated using equation 2.12;
∑𝑛 (𝑦 − 𝑦̅)2
𝑅𝑀𝑆𝐷 = √ 𝑡=1
𝑛

(2.12)

where, RMSD is the root mean square of deviation, y is the experimentally recorded capacitance
at time (t), 𝑦̅ is the model’s capacitance at time (t) and n is the number of data points used.

4.3.4 Compression testing

Compression analysis was performed using a universal mechanical testing apparatus (EZ-S,
Shimadzu, Japan). Samples were compressed at 1 mm/min at 21oC.

4.3.5 Rheometry

Shear rheometry was performed using a Physica MCR 301 shear rheometer (Anton Paar)
equipped with 15 mm parallel plates. Samples were tested under a dynamic amplitude sweep
mode between 0.01% and 100% strain at a constant angular frequency of 5 Hz.
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4.3.6 Impedance spectroscopy

Using a custom built instrument the impedance behaviour of the gel samples were obtained at a
fixed frequency of 10 kHz to isolate the resistive component of the gels. Impedance analysis was
performed by applying 1V (alternating current signal) using a waveform generator (Agilent
U2761A) across the circuit with a known resistor (Rk) and measuring the voltage drop across the
gel sample and Rk using a two channel oscilloscope (Agilent U2701A).
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4.4 Results & Discussion

4.4.1 Development of printing formulation

A genipin-gelatin-gellan gum ICE hydrogel formulation was developed for 3D printing which
was designed for optimal flow behaviours and avoid intermittent tip-clogging for use in handheld
3D printers. A formulation optimised for handheld 3D printing over machine 3D printing was
explored as although accuracy and resolution of structures is reduced using handheld devices,
these printers are much more compact, work at much faster speeds, are cheaper and are considered
better suited for clinical applications. Stevens et al.329 reported an optimal printing of pure gellan
gum solutions when 0.5% w/v gellan gum and 500 mM CaCl2 solutions were printed in a 10:1
ratio, resulting in final gels of 0.45 % w/v gellan gum and 50 mM CaCl2. As a result ICE gel
precursor solutions were reduced to 0.5% w/v gellan gum, 0.875% w/v gelatin and 0.22% w/v
genipin. Using this formulation and heating solutions to 40oC prior to printing was found to enable
hydrogel printing, including the formation of printed line patterns, Figure 4.1. This formulation
was applied for further testing.

Figure 4.1 Schematic diagram showing the flows of CaCl2 and biopolymer solutions through the
print head (A). Close up of the tip of the coaxial print head (B). Demonstrated of a printed line of a
genipin-gelatin-gellan gum ICE hydrogel formulation using the hand-held extruder (C). Hand-held
device in use (D).
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4.4.2 Assessment of printed gels

Using the identified printing formulation, ICE hydrogels were printed into cylindrical and linear
forms, akin to the moulds used for cast gels. The printed and cast gels were then compared in
terms of their mechanical and electrical performance, Figure 4.2. Mechanical testing under
compression showed a significant reduction in compressive modulus, ultimate strength and
ductility after printing. Rheological measurements performed in shear, however, indicated the
reverse trend. In this case, printed gels providing a higher response in storage and loss moduli.
Furthermore, the position of the linear viscoelastic region (LVE), indicative of shear ductility. We
attribute these findings to the printing process causing inhomogeneous deposition of the hydrogel,
with incomplete binding between sequentially deposited layers acting as a crack initiation site
under compression. This leads to rapid failure of the network with lower required force input.
Additionally, these internal boundary layers are thought to increase the total energy dissipation
observed under shear resulting in a 184% increase in loss modulus. In both cases, it is apparent
that the reactive printing process has a noticeable impact upon the mechanical properties of gels,
a factor that should be considered in future applications.
The cast and printed gels were immersed in saturated NaCl solutions and the electrical properties
analysed using the methods described above. The results in Figure 4.2 illustrate that printed and
cast gels had a conductivity of 190 ± 20 mS/cm and 200 ± 19 mS/cm, respectively. The Warburg
coefficient of the printed and cast gels were 350 ± 30 Ω/s1/2 and 322 ± 5 Ω/s1/2, respectively.
Lastly, the capacitance of the printed and cast gels was 60 ± 7 μF and 69 ± 5 μF, respectively.
These results indicate that no change in electrical properties was observed as a result of extrusion
printing of the materials, which is a rare phenomenon with 3D printed conducting hydrogels.
Conventional conducting hydrogels are achieved via the addition of a secondary conducting
phase. Upon 3D printing of these materials, loss of conductivity is often observed.331 This may be
a result of the conductive network being damaged during the extrusion printing as the material is
forced through a printing head. However, as ionic conduction is facilitated by the water content
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of the hydrogel and not a conductive network, the conducting pathway is not damaged during
printing and as such the material retains its electrical properties. However, variability of the
printing parameters, such as printing speed and tip diameter, may affect the mechanical properties
of these structures, therefore future work into use of these formulations should contain a study on
print variabilities and their effect on mechanical properties.

Figure 4.2 Mechanical and electrical properties of the ICE gels after casting or printing (A).
Graphs present typical results from compression tests (B), rheometry (C) and samples of ICE gel
resistances as a function of gel length (D).

4.4.3 Demonstration circuit of printed ICE gel electrode

After confirming that the hand-held bioprintined ICE hydrogels retained high levels of
conductivity and sufficient mechanical integrity, we applied the technique to form soft-conductive
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elements in simple circuits. ICE hydrogels were hand-printed between two reticulated vitreous
carbon (RVC) electrodes, leaving a small gap such that the gels did not provide a complete
connection (Figure 3A). After soaking gels with NaCl, the gap was bridged with a light emitting
diode (LED) and an external power supply was used to apply an electrical potential across the
two RVC electrodes. The charging and discharging of these high surface area electrodes drives
ionic conduction in the bulk gel (Figure 3B), which can be used to power the LED (figure 3C).
This simple example of ICE hydrogels acting a conductive element demonstrates their potential
for application in more complex, bioresorbable devices. Further refinement of the printing
process, particularly towards high resolution and miniaturized printing presents a key step
towards the ultimate goal of producing functional, edible, electronic devices.

Figure 4.3 Schematic of a circuit in which ICE gels act as a conductor to complete a circuit between
RVC electrodes and a LED light (A). Electrons delivered to the RVC drive the flow of Na + and Clions through the gel (B). Photograph of the setup at rest (C1) and when a voltage is applied (C2).

4.4.4 Resistive strain gauge

A strain gauge was constructed to demonstrate the NaCl soaked gelatin/gellan gum ICE gel
formulations potential in creating edible devices. The performance of the strain gauge was
assessed by measuring the impedance of the device during compression with the results displayed
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in Figure 4.4a. Two distinct regions of linear impedance decreases were observed during
compression of the strain gauges. An initial rapid drop in impedances is observed up to ≈ 7%
strain with a secondary linear decrease of impedance is witnessed between 12% strain untill the
load was removed at 50 N (≈ 67% strain). The initial and secondary linear regressions are
separated by an area of transition between the two regions. The impedance behaviour of the strain
gauges was obtained at 10 kHz to isolate the resistive component of the conductivity. The resistive
component of the impedance is given by the following equation.

𝑅=

𝐴
+ 𝑅𝑐
𝑙𝜎

(2.10)

The initial linear regression is the result of contact being established between the asperities of the
hydrogel and the electrode surface, which reduces the contact resistance (Rc) found in equation
2.10. This change in contact resistance can be described using the following equation;280
1

ρ2 ηπH 2
𝑅𝑐 = (
)
4𝐹

(4.1)

where ρ is the electrical resistivity, η is an empirical coefficient of order unity, H denotes hardness
and F represents the load.
The initial linear region is highly sensitive to slight changes in applied stress, working within a
range of up to 3 kPa (Figure 4.4b). The drop in impedance of the gels within this region results in
a strain gauge factor (ratio of the fractional impedance and strain) of 7.6 ± 0.1.
The second linear region is related to the change in the distance between the electrodes due to the
applied load (equation 2.10). Although an order of magnitude less sensitive than the initial linear
region, the secondary region operates over a much larger stress range, with a maximum load two
orders of magnitude higher than the initial region, i.e. 9-280 kPa. This results in a hydrogel strain
gauge with a gauge factor of 0.308 ± 0.002 (Figure 4.4c). These results demonstrate that these
edible gel materials can be used to produce strain gauges that can be tailored to be highly sensitive
to small strains, or be more robust, detecting larger loads over a wide range of stresses.
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Figure 4.4 a) Impedance (at 10 kHz) response of hydrogel strain gauges during compression. b)
Fractional impedance (ΔI/I0 at 10 kHz) in the initial linear region during compression. c)
Fractional impedance (ΔI/I0 at 10 kHz) in the secondary region during compression. d) Impedance
(at 10 kHz) response during compression.

4.4.5 Resistive pressure sensor

In addition to strain gauges, the ICE gels were also shown to have potential as effective
consumable pressure sensors. Similar to what was observed for the strain gauges, the pressure
sensitivity of these gels had two regions of linear decreases in impedance, one of initial high
sensitivity to small changes in pressure and a secondary region that detected larger pressures over
a wider range (Figure 4.4d). The first region is able to detect pressures within a range of 0-3 kPa
with a sensitivity of 400 ± 7 μΩ/Pa. The second region acts over a wider range of pressures (9280 kPa) with a sensitivity of 7.17 ± 0.05 μΩ/Pa.
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4.4.6 Edible capacitive pressure sensor

Capacitance is the storage of charge under an applied voltage.332 A capacitor is produced via the
separation of two conductors/electrodes by an insulator/dielectric which restricts the flow of
charge under an applied voltage. The restriction of flow results in charge accumulation on either
side of the dielectric. Capacitance can be described by the following equation:333

𝐶=

𝜀𝑟 . 𝜀0 . 𝐴
𝑑

(4.2)

where, C is the capacitance, ɛr is the permittivity constant of the dielectric, ɛo is the electric
constant of the dielectric, A is the overlapping area of the electrodes and d is the distance between
electrodes.
Recently a hydrogel based capacitance pressure sensor was demonstrated by Sun. et. al. (2014)
in their replication of the human skin.247 It was shown that a simple capacitor constructed out of
elastic hydrogels could be used for the measurements of applied forces whereby the application
of a load corresponded to a change in capacitance. This is a result of a change in the distance
between the two electrodes (d) and the overlapping area of the electrodes (A) (equation 4.2). The
construction of an edible hydrogel capacitive pressure sensor was investigated using NaCl soaked
ICE gels as electrodes and a 10% w/w genipin-gelatin dielectric.

Device characterisation
The edible capacitive pressure sensor was constructed and analysed according to the methods
described above with the results shown in Figure 4.5. The limit of detection (LOD) of the device
was determined to account for noise during data acquisition.318 The limit of detection was
calculated to be 7 ± 2 pF, which corresponds to a pressure of 1.3 ± 0.4 kPa.
During measurements, the data was normalised using equation 4.3 so that different devices with
different rest capacitances could be compared:
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𝐶1 = 𝐶 − 𝐶0

(4.3)

where, C1 is the difference in capacitance from capacitance under pressure C and capacitance at
rest Co.
The device sensitivity was determined by exposing the edible capacitive pressure sensors to 5
cycles of 0-20 kPa and recording the corresponding change in capacitance, Figure 4.5c. The
sensors were shown to display a linear capacitive response to the applied load from 4-20 kPa. The
non-linear response within the region of 0-4 kPa was resolved to be a result of connection between
the electrodes and dielectric being established. The average response of the device using 3 repeats
of 5 cycles was determined to be 0.80 ± 0.06 pF/kPa. This response was found to be more sensitive
than the hydrogel capacitive pressure sensor developed by Sun. et. al. (2014) (0.1 pF/kPa).247 The
measured response range is well within the pressures found in the stomach which can reach from
0.7 to 6.3 kPa.136 Figure 4.5c illustrates that although the device displayed repeatable sensitivities
it did not instantaneously return to its rest capacitance after the load was removed. However, the
sensors were observed to return to their rest capacitance, but this required a recovery time of 110
± 10s. This delayed recovery may be a result of the gelatin dielectric not displaying significant
elasticity and could be accounted for in future work by investigating more elastic edible polymers
and measuring the delayed recovery.
Lastly, figures 4.5b and 4.5c indicate that the device was not damaged after 5 successive loadings,
displaying repeatable sensitivity of 0.80 ± 0.06 pF/kPa for each of the 5 loading cycles, indicating
full self-recovery.
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Figure 4.5 a) Measured capacitance–pressure curve with red line representing LOD, solid line is a
linear fit to data between 4 kPa and 20 kPa of applied pressure. b) Pressure and capacitance of the
edible sensor cyclically compressed to a load of 20 kPa. c) Pressure–capacitance curves for 5 cycles.
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4.5 Conclusion
Edible devices provide new opportunities to produce medical tools for the diagnosis and treatment
of the digestive tract without the conventional concerns of toxicity. During this study conductive
ingestible ICE hydrogel materials, developed previously by our group, were utilised in the
construction of simple edible structures and devices to demonstrate the potential of this
technology in aiding the state of the art of modern medicine.
First, a simple method for constructing highly conductive, bioresorbable wires using a hand-held
extrusion printer was developed. The printed wires were constructed using food grade materials
of gellan gum-gelatin-genipin with NaCl as an ionic conductor. The gels displayed excellent
electrical performance after printing with relatively no loss of conductivity compared to cast
samples, displaying a conductivity of 190 ± 20 mS/cm.
Furthermore, resistive strain gauges/pressure sensors based on the consumable ICE hydrogel
formulation were explored. It was demonstrated that the resulting materials are highly sensitive
to small strains and pressures exhibiting gauge factor and pressure sensitivity values of 7.6 ± 0.1
and 400 ± 7 μΩ/Pa, respectively, for applied stress of up to 3 kPa. Furthermore, the devices also
demonstrated a potential for operating under larger applied loads, exhibiting gauge factor and
pressure sensitivity values of 0.308 ± 0.002 and 7.17 ± 0.05 μΩ/Pa, respectively, for stress
between 9 kPa and 280 kPa.
Lastly, we demonstrated the potential of our gel materials for device fabrication via construction
of a capacitive pressure sensor using food grade components. The sensor exhibited complete selfrecovery after 5 loading cycles of 20 kPa giving a repeatable sensitivity of 0.80 ± 0.06 pF/kPa,
which is the most sensitive hydrogel capacitive pressure sensor in the literature, to the best of our
knowledge. Devices based on these materials have the potential to be used to monitor and treat
digestive pressure abnormalities such as intestinal motility disorders.
This work highlights the promise of constructing simple edible devices using common everyday
salts and robust hydrogel polymers.
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5.1 Abstract
Edible devices are an emergent technology which seek to provide researchers and health
professionals with tools to monitor the GI tract without the traditional risks of retention as they
are constructed from edible materials. To this effect an ingestible actuator was developed using
non-toxic poly(acrylic acid) and calcium hydroxide. Poly(acrylic acid) and poly(acrylic
acid)/calcium hydroxide hydrogels displayed compressive stresses of 0.08 ± 0.02 MPa and 0.10
± 0.03 MPa, respectively and swelling ratios of 61 ± 3 and 45 ± 2, respectively. However, on
exposure to simulated gastric fluid (pH 1.2) for 1 hour the poly(acrylic acid) hydrogels were
destroyed and the poly(acrylic acid)/calcium hydroxide hydrogels displayed a compressive stress
of 0.16 ± 0.04 MPa and a swelling ratio of 12 ± 2. Furthermore, the poly(acrylic acid)/Calcium
hydroxide hydrogels displayed a volume change to 17% ± 2% of their original volume. This
demonstrates the ability that the calcium hydroxide provides in preserving the poly(acrylic acid)
in acidic environments, such as gastric fluid, and that this neutralisation reaction results in a
volume change of the hydrogel. In addition to this, the poly(acrylic acid)/calcium hydroxide
hydrogels exhibited reversible actuation on submerging in 0.1 M sodium citrate for 2 hours. The
poly(acrylic acid)/calcium hydroxide hydrogels where able to restore their compressive stress to
0.19 ± 0.06 MPa, swelling ratio to 26 ± 2 and volume to 56% ± 3% of its original volume. This
work offers new opportunities for researchers to further the state of the art for a variety of fields
such as drug delivery, 4D printed materials, soft robotics and edible devices.
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5.2 Introduction
The human digestive system is a remarkable achievement of human evolution whose necessity to
our longevity and survival is only exceeded by its complexity. As a result of this complexity
means to monitor, navigate and treat the gastrointestinal (GI) tract typically involve methods and
devices which are complicated, dangerous and expensive. One of the most common issues with
GI monitoring is the risk of retention of medical devices as these tools have traditionally consisted
of toxic materials.56,58,65 One material which offers a possible safer alternative to construct
complex medical devices are bioresorbable hydrogels.
Hydrogels are extremely hydrophilic polymer networks with the potential to absorb up to 99%
(w/w) water.144,334 The unique properties of these polymers offer a range of advantageous
properties which make them useful in the development of novel medical devices, such as being
biocompatible197,228, 3D printable152,330,335, conductive245,252 and actuating.261,319 One of the most
common non-toxic hydrogels is the superabsorbent poly(acrylic acid) (PAA).
PAA are simple polymer’s consisting of a repeating units of a vinyl group with an attached
carboxylic acid.272,336 These gels are an ideal candidate for ingestible device research due to their
biocompatibility and have already been demonstrated in a wide variety of medical applications
such as drug delivery337, wound dressing338 and bioadhesive.339 Furthermore, it has been
demonstrated that the use of ionic crosslinking of the carboxylic acids within these gels can be
used to initiate actuation.340 Therefore, it was proposed that this actuation mechanism could be
exploited to develop a pH sensitive, edible actuator via a combination of poly(acrylic acid) with
the common antacid calcium hydroxide.
Calcium hydroxide is a common food additive used in a variety of commercial antacids. 341 The
calcium hydroxide regulates the acidity in the stomach by neutralising the gastric hydrochloric
acid according to the following equation;

Ca(OH)2(s) + 2HCl(aq) → CaCl2(aq) + 2H2O(l)
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From this it was proposed that this neutralisation reaction could be used to preserve the hydrogel
and that the calcium chloride created would initiate ionic crosslinking among two carboxylate
functional groups of two different PAA chains according to equation 5.2. This would effectively
create an ingestible actuator which is triggered via stomach acid.

Ca2+(aq) + 2RCOO-(aq) → RCOO-Ca-OOCR(aq)

(5.2)

Herein, we describe the development of an ingestible actuator constructed in a one pot synthesis
via the combination of PAA with calcium hydroxide. The effect that the calcium hydroxide had
on the mechanical properties and swelling of the PAA after exposure to simulated gastric fluid
(SGF) was analysed and described below. Furthermore, the reversibility of this actuation was also
explored via the use of the common edible chelating agent sodium citrate.
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5.3 Materials and Methods

5.3.1 Poly(acrylic acid) hydrogels without antacid

PAA hydrogels were prepared by adding 3ml of acrylic acid (AA) monomer (Sigma Aldrich,
Australia) to 7 mL of milli-Q water (resistivity, 18.2 MΩ cm) at 21oC and stirred at 300 rpm. 1.7
grams of NaOH (Sigma Aldrich, Australia) was added to neutralise the acrylic acid monomers.
30 mg of N,N’-methylenebis(acrylamide) (MBA) (Sigma Aldrich, Australia) was dissolved in the
solution followed by 30 mg of ammonium persulphate (APS) (Sigma Aldrich, Australia). The
hydrogels were left to cure for 1 hour at 80oC. Finally, PAA gels were swelled to equilibrium in
milli-Q water for 24 hours.

5.3.2 Poly(acrylic acid) hydrogels with antacid

PAA hydrogels containing antacid were prepared by adding 3ml of AA monomer to 3 mL of
milli-Q water at 21oC and stirred at 300 rpm. 1.7 grams of NaOH was added to neutralise the
acrylic acid monomers. 1 gram of Ca(OH)2 (Sigma Aldrich, Australia) in 4 mL of milli-Q water
was added after the antacid was dispersed by placing a vial of the mixture in a bath sonicator for
20 minutes. 30 mg of MBA was dissolved in the solution followed by 30 mg of APS. The
hydrogels were left to cure for 1 hour at 80oC. Finally, PAA gels were swelled to equilibrium in
milli-Q water for 24 hours.

5.3.3 Simulated gastric fluid

Simulated gastric fluid (SGF) was prepared in 100 mL milli-Q water (resistivity 18.2 MΩ cm)
with 0.2% w/v NaCl (Sigma Aldrich, Australia) and 0.7% w/v HCl (32% w/v, Thermofischer,
Australia).317
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5.3.4 Material characterisation

All gel properties were determined using cylinders of approximately 15 mm height and 8 mm
diameter. Material properties were determined for as-prepared gels, gels after exposure to 100
mL SGF for 1 hour at 37oC and gels after exposure to 100 mL sodium citrate for 2 hours at 37oC.
Swelling ratio
The swelling ratio of the hydrogels was calculated using the following equation:
𝑠𝑤𝑜𝑙𝑙𝑒𝑛 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙−𝑑𝑟𝑦 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙
)
𝑑𝑟𝑦 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙

(2.2)

(

where the swollen and dry hydrogel indicate the weight of as-prepared and fully dehydrated
samples, respectively.
The hydrogels were dried by placing them in a temperature and humidity chamber (Thermoline
Scientific, Australia) at 60oC for 24 hours. The humidity of the chamber was kept at 45%.
Determination that 24 hours was all that was necessary to completely dehydrate samples was
achieved by placing the swollen hydrogel samples in the humidity chamber over the course of a
week with twice daily gravimetric analysis performed. It was found that 24 hours was sufficient
for complete dehydration of samples.

Volume change
Volume change as a result of soaking the hydrogels in SGF or sodium citrate was determined
using the following equation:
ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑎𝑓𝑡𝑒𝑟 𝑆𝐺𝐹 𝑜𝑟 𝑠𝑜𝑑𝑖𝑢𝑚 𝑐𝑖𝑡𝑟𝑎𝑡𝑒 𝑒𝑥𝑝𝑜𝑠𝑢𝑟𝑒
)𝑥
ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑎𝑠−𝑝𝑒𝑟𝑝𝑎𝑟𝑒𝑑

(

Compression testing
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Compression analysis was performed using a universal mechanical testing apparatus (EZ-S,
Shimadzu, Japan). Gel samples were cut into cylinders (approximately 15 mm height and 8 mm
diameter). Samples were then compressed at 1 mm/min. The stress-strain data was used to
calculate the compressive strain energy at failure (U), compressive stress at failure (σc), secant
modulus over 20-30% strain (Ec) and compressive strain at failure (ɛc).

5.3.5 Gel Recovery

The cyclic behaviour of the hydrogels was analysed to determine their recoverability. Initially,
the gels were placed in SGF (pH 1.2) for 1 hour, followed by immersion in a 0.1 M sodium citrate
solution for 2 hours at 37oC. The swelling ratio, volume change and mechanical properties of
these samples were then analysed and compared to their as-prepared properties.
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5.4 Results and Discussion
pH sensitive hydrogel samples were prepared using the hydrogel forming polymer PAA and
common antacid Ca(OH)2. The pH sensitivity of these hydrogels was investigated by examining
the resulting effects on the swelling and mechanical properties of the gels after exposure to SGF.
The change in the swelling ratio, volume and mechanical properties of these hydrogels after
exposure to an acidic environment was investigated by submerging the polymers in SGF for 1
hour at 37oC.

Figure 5.1 Poly(acrylic acid) samples A) with and B) without calcium hydroxide.

5.4.1 Swelling ratio

The swelling ratios of the hydrogels after exposure to SGF for 1 hour at 37 oC was studied with
the results displayed in Table 5.1, Figure 5.2 and Figure 5.3. It can be seen that the PAA which
did not contain Ca(OH)2 plateaued from a swelling ratio of 61 ± 3 down to 5 ± 1 (≈8% of the
original swelling capacity) after 30 minutes exposure to SGF. This fast deswelling of the polymer
may be a result of the hydronium ions not being hindered by the antacids found in the other
sample. As a result, the hydronium had superior permeability into the gel which correlated with
a faster deswelling. Furthermore, the PAA which did not contain Ca(OH)2 were able to deswell
to a much lower value compared to the other PAA with Ca(OH)2; 5 ± 1 and 12 ± 4, respectively.
This was thought be a result of the carboxylic acid groups becoming protonated by the hydronium
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ions rather than being ionically bonded by the divalent cations. This protonation of the carboxylic
functional groups lead to the polymer precipitation, destroying the integrity of the structure and
releasing more water compared to the other samples, Figure 5.3.
The PAA with Ca(OH)2 was seen to have a lower initial swelling ratio of 45 ± 2 compared to 61
± 3 for the PAA. This is most likely a result of the calcium hydroxide being slightly soluble and
as such, some of the soluble calcium ions would ionically cross-link the carboxylic acid groups.
This would then result in a lower swelling ratio as the crosslinked carboxylic acid groups could
no longer hydrogen bond with the surrounding water. Furthermore, the PAA with Ca(OH) 2 took
slightly longer to plateau at 40 minutes SGF exposure. This was thought to be caused by the
antacid reducing the permeability of the hydronium ions. The PAA with Ca(OH) 2 maintained
more than double the swelling ratio compared to the PAA without Ca(OH) 2 at 12 ± 4 and 5 ± 1,
respectively, after SGF exposure. This superior swelling ratio was thought to be a result of the
Ca(OH)2 neutralising the SGF and initiating crosslinking between the carboxylic acid groups,
preserving the sample from precipitation. The dramatic change in swelling was also observed to
correspond with a change in volume of the samples.

Figure 5.2 Swelling ratio of hydrogels after exposure to SGF at 37 oC for 1 hour.
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Figure 5.3 PAA with Ca(OH)2 A) before and A) after SGF at 37oC for 1 hour and PAA without
Ca(OH)2 C) before and D) after SGF at 37oC for 1 hour.

5.4.2 Volume change

The hydrogels were submerged in SGF for 1 hour at 37oC with the resulting volume change
recorded, the results are displayed in Table 5.1, Figure 5.3 and Figure 5.4. As seen in Figure 5.4,
The two PAA samples both plateaued at approximately 40 minutes. However, the final volumes
of the PAA with and without Ca(OH)2 where 25 ± 6 and 8 ± 2, respectively. This difference was
again determined to be a result of the Ca(OH)2 neutralisation reaction causes ionic bonding of the
carboxylic acid groups within the PAA with Ca(OH)2 sample, preserving the gel, Figure 5.3.
However, it was also observed that the PAA with Ca(OH)2 displayed a unique property whereby
it had two plateau regions, an initial plateau at 10 to 30 minutes and a final plateau at 40 minutes.
This was thought to be a result of the antacid being consumed during the first 30 minutes causing
the first plateau. After all the Ca(OH)2 had been exhausted and the remaining carboxylic acid
groups of the PAA were then protonated by the SGF hydronium ions, causing a secondary
reduction in volume.
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Figure 5.4 Volume change of hydrogels after exposure to SGF at 37oC for 1 hour.

5.4.3 Mechanical properties

Hydrogels were submerged in SGF for 1 hour at 37oC with the resulting effect on the compressive
strength of the hydrogels studied and displayed in Tables 5.1 and Figure 5.5. From Figure 5.5 it
can be seen that the PAA without any Ca(OH)2 became far weaker as a result of SGF exposure
with the compressive stress lowering from 0.08 ± 0.02 MPa to 0.021 ± 0.005 MPa. As discussed
above, the protonation of the carboxylic acid groups and resulting precipitation of the polymer
was thought to be the cause of the decrease in mechanical stress as the polymer network is
destroyed. However, an increase in the compressive strain was also observed for the PAA
samples. This increase in the compressive strain was determined to be a result of the hydrogel
becoming a lose collection of precipitated polymer. Furthermore, the compressive stress of the
PAA after SGF exposure was below that of the digestive pressures which can occur in the GI
tract136–138, 0.7 to 67 kPa, and as such would not be suitable as an edible device.
Prior to SGF exposure the PAA with Ca(OH)2 showed slightly higher compressive stress & strain
compared to the PAA, 0.10 ± 0.03 MPa & 51 ± 6 % and 0.08 ± 0.02 MPa & 36 ± 2 %, respectively
(Table 1). This is most likely a result of the partial solubility of calcium hydroxide initiating ionic
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crosslinks. This ionic network reinforces the MBA covalent network, inducing increased gel
strength.152 After exposure to SGF, PAA with Ca(OH)2 increased their compressive stresses from
0.10 ± 0.03 MPa to 0.16 ± 0.04 MPa, far higher than the digestive pressures it can be expected to
experience; 0.7 to 67 kPa.136–138 This is once again attributed to the creation of ionic bonds
between the carboxylic acid groups, strengthening the gels via the establishment of an ICE gel
network. This work has demonstrated that the simple addition of a common antacid Ca(OH)2 can
be used to preserve and actuate a PAA network upon exposure to acidic environments, such as
gastric acid, via the creation of an ionic network within the hydrogel by the neutralisation reaction
of Ca(OH)2 with HCl. Furthermore, these ionic bonds can be reversed via the use of a chelating
agent, sodium citrate.

Table 5.1 Mechanical properties of PAA hydrogels with and without Ca(OH)2 before and after
SGF exposure (for 2 hours at 37°C), and with antacids in 0.1M sodium citrate (SC) for 2 hours at
37°C. σc, ɛc, Ec, U, SR and V indicate compressive stress at failure, compressive strain, secant
modulus (20-30%), strain energy to failure, swelling ratio and original volume percentage,
respectively. “n/a” indicates that these gels had disintegrated and could not be analysed.

Gel

Exposure

σc (MPa)

εc (%)

Ec (MPa)

U
(kJ/m3)

SR

V

PAA

Before

0.08 ± 0.02

36 ± 2

0.27 ± 0.01

9±3

61 ± 3

100

PAA

SGF

0.021 ±
0.005

48 ± 6

0.022 ±
0.001

4±2

5±1

8±2

PAA

SC

n/a

n/a

n/a

n/a

n/a

n/a

PAA
with
Ca(OH)2

Before

0.10 ± 0.03

51 ± 6

0.15 ± 0.01

14 ± 4

45 ± 2

100

PAA
with
Ca(OH)2

SGF

0.16 ± 0.04

58 ± 4

0.11 ± 0.01

22 ± 5

12 ± 4

25 ± 6

PAA
with
Ca(OH)2

SC

0.19 ± 0.06

59 ± 4

0.09 ± 0.01

22 ± 5

26 ± 2

56 ± 3
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Figure 5.5 Typical stress-strain curve of PAA hydrogels with and without Ca(OH)2. Numbers A, B,
C and D mirror the numbering in figure 5.3 to help the reader visualise the hydrogel samples with
their mechanical performance. The solid horizontal line indicates the maximum digestive pressure.

5.4.4 Hydrogel Recoverability

Actuators are an important component of many medical devices as they facilitate applications
such as drug delivery and device manoeuvrability. One of the key features of these actuators is
their predictable and reversible actuation mechanism. Therefore, in the hopes of replicating this
mechanism using food grade materials, the recoverability of these smart hydrogels actuation was
analysed.
Hydrogel samples were immersed in a 0.1 M sodium citrate solution at 37oC for 2 hours. The
recoverability of the gels mechanical properties are displayed in Figure 5.6 and Table 5.1. The
hydrogels without Ca(OH)2 were not able to be reversed as they had become a lose collection of
precipitated polymer. However, from Table 5.1 it can be seen that PAA with Ca(OH)2 were able
to recover their compressive strain and strain energy to failure to within the error of their original
values. Furthermore, it was observed that the compressive stress and secant modulus increased
and decreased, respectively, compared to their original values. This was proposed to be a result
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of stress relaxation within the gels during actuation as this phenomenon has been observed in
other actuators.319 Lastly, the swelling ratio and volume of the citrate exposed gels were able to
recover to 57 ± 4 and 56 ± 3 % of their original values, respectively (Table 5.1). This work
demonstrates the efficacy of using a food grade chelating agent to make an ingestible, reversible
actuator.

Figure 5.6 PAA with antacid A) before and B) after SGF exposure and C) after 0.1M sodium citrate
exposure. All experiments performed at 37oC.
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5.5 Conclusion
Traditional methods to explore and monitor the GI tract have been hindered by the complications
involved in using devices and materials which are toxic to the body. In an attempt to aid
researchers overcome these limitations an ingestible actuator was developed using non-toxic PAA
and Ca(OH)2.
PAA with calcium hydroxide hydrogels were produced which displayed compressive stresses of
0.08 ± 0.02 MPa and a swelling ratio of 45 ± 2. On exposure to simulated gastric fluid (pH 1.2)
the PAA with calcium hydroxide samples mechanical properties increased, as demonstrated by
the compressive stress increasing to 0.16 ± 0.04 MPa. This was a result of the neutralisation
reaction of the calcium hydroxide with the HCl preserving the hydrogel and creating calcium ions
which initiate ionic crosslinking within the gels, producing an ICE gel.
In addition to this, the PAA with calcium hydroxide hydrogels displayed actuating properties via
a swelling ratio change to 12 ± 4 and volume change to 17% ± 2% of their original volume after
exposure to SGF. This demonstrates the simplicity and efficacy that poly(acrylic acid)/calcium
hydroxide possess in creating a pH sensitive ingestible actuator which responds to acidic
environments such as gastric fluid.
Lastly, the PAA with calcium hydroxide hydrogels exhibited reversible actuation on submerging
in 0.1 M sodium citrate for 2 hours. These hydrogels where able to restore their compressive stress
to 0.19 ± 0.06 MPa, swelling ratio to 26 ± 2 and volume to 56% ± 3% of its original volume.
This work offers new possibilities for developments in a variety of fields such as drug delivery,
4D printed materials, soft robotics and edible devices.
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6.1 Abstract
Poly(dimethylsiloxane) (PDMS) sponges are an emergent technology, garnering much attention
in recent years due to their unique mechanical properties, high surface area and
hydrophobicity/oleophilicity. However, large scale production and application has been hindered
by complications in production. In this work, a hydroscopic calcium chloride hard template is
used to prepare a PDMS sponge in 6 hours, faster than previously reported template removal
methods. Furthermore, the unique deliquescent properties of the calcium chloride are harnessed
to provide a spontaneously self-removing sacrificial template within 4 days. The resultant PDMS
sponges displayed excellent mechanical properties and a linear correlation between pore size and
tensile properties. The edible PDMS sponges displayed far greater preferential absorption of toxic
solvents over simulated gastric fluid, offering application as a possible alternative method of toxin
removal than conventional stomach-pumping techniques.
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6.2 Introduction
Monitoring and treatment of the gastrointestinal tract (GI) is a constant and prevalent concern of
the medical community as it is one of the most complex, delicate and vital biological systems in
existence. Traditional means to navigate and treat the GI tract involve methods which are not only
incredibly expensive, invasive and complicated but are plagued by issues of toxicity and
retention.52,342 Edible devices have emerged to offer a possible solution to these issues by
producing medical tools from consumable and transient materials.65 One promising candidate for
the development of edible devices are porous poly(dimethylsiloxane) (PDMS) sponges.
PDMS sponges have recently garnered much attention within the scientific community due to
their unique characteristics such as high surface area, high flexibility/stretchability,
hydrophobicity/oleophilicity and biocompatibility.343,344 These porous sponges have been
produced using a variety of different methods such as emulsion templating, 345,346 3D printing347
and gas foaming.348,349 However, these methods usually involve complex/time consuming
techniques, sophisticated lab equipment or toxic and costly materials. A common alternative
which is not limited by these issues is the removable hard templating method.
Removable hard templating is a common practice for making porous materials which utilises a
solid sacrificial template as a porogen with which the PDMS is cured around. 350 On removal of
the template by a leaching solvent, typically water, an internally interconnected PDMS
foam/sponge is produced. This technique has been a reliable means of producing high surface
area materials due to its facile nature, is produced via a one-pot synthesis method, requires no
expensive equipment and comprises of cheap materials. However, adoption of this technique has
been hindered by the intrinsic hydrophobic nature of the PDMS as it prevents proper penetration
of the leaching solvent. Several techniques have been explored to try and solve this issue including
the use of fillers with lager grain dimensions to allow for better solvent absorption351, the use of
sonication352 and hard templates soluble in more PDMS friendly solvents, such as ethanol.353
However, these techniques are either ineffective for large scale production or reintroduce the
deterrence of sophisticated equipment and toxic materials. The conventional wisdom which has
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guided these modified hard templating techniques has been that the hydrophilic nature of the hard
templates is the key hinderance which must be overcome. However, it was proposed that by
constructing the hard templates with deliquescent materials that this issue could be overcome.
Deliquescence is the unique property whereby a material is so hydroscopic that it spontaneously
absorbs moisture from the surrounding atmosphere until it becomes dissolved in the collected
water, becoming a solution.354 As the salts lithium chloride and calcium chloride both imbue this
trait, it was proposed that this phenomena could be exploited to produce a hard templating method
which would not only induce superior penetration of a water based solvent but enable a hard
template which would spontaneously solubilise and remove itself from the PDMS sponge.
Furthermore, despite this technology being very much still in its infancy, there has already been
a multitude of scientific applications, such as PDMS stretchable sensors355, energy harvesting and
storing356 and flexible conductors.357–359 One of their most promising traits is their unmatched
oil/water separation capacity as a result of their high surface area and hydrophobicity making
them an ideal solution to help aid oil spill cleanups.351–353,360 It was therefore proposed that this
property, along with the PDMS’s biocompatible nature, could potentially be utilised to extract
accidentally ingested toxic chemicals from the GI tract as a potential alternative to other
procedures such as stomach pumping.
Herein, we describe the development and characterisation of robust, elastic PDMS sponges
produced using a one-pot, non-toxic, facile synthesis of a spontaneously self-removing hard
template method. The ingestible PDMS sponges produced were analysed for their capacity to
absorb and remove toxic solvents from simulated gastric fluid. Lastly, these sponges were used
as a substrate for an edible gold leaf spring for the creation of a robust, flexible, edible conductor.
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6.3 Materials and Methods

6.3.1 Materials

PDMS samples were prepared using silicone elastomer base 184 (Sylgard, Australia) and silicone
elastomer curing agent 184 (Sylgard, Australia). The salts used were CaCl2 (Sigma Aldrich,
Australia), NaCl (Sigma Aldrich, Australia) and LiCl (Sigma Aldrich, Australia). The sugars used
were white (cane) sugar (Woolworths, Australia, CSR) and brown (cane) sugar (Woolworths,
Australia, CSR).
Toxic solvents used were methylated spirits (Woolworths, Australia, Diggers), mineral turpentine
(Woolworths, Australia, Diggers), baby oil (Woolworths, Australia, Essentials), instant hand
sanitiser (Woolworths, Australia, Dettol Healthy Touch) and gin (Woolworths, Australia,
Gordon's London Dry Gin). Simulated gastric fluid (SGI) was prepared in 100 mL distilled water
(resistivity 18.2 MΩ cm) with 0.2% w/v NaCl (Sigma Aldrich, Australia) and 0.7% w/v HCl (32%
w/v, Ajax Fintech, Australia).317,361

6.3.2 PDMS sponge preparation

PDMS sponges were prepared in a 1:3 weight ratio of PDMS to hard template filler by adding 1g
PDMS to a beaker followed by 3g of salt or sugar. These mixtures were manually stirred for 5
minutes before 0.1 grams of PDMS curing agent was added, followed by a further 5 minutes of
stirring then cast into a mould and placed in an oven at 70oC for 30 minutes. The PDMS was
removed from the mould and placed into a 120oC oven for 30 minutes to complete the
crosslinking. Cylindrical (diameter = 15 mm, height = 4 mm) and dog bone (thickness = 4 mm,
neck width = 3 mm, gauge length 14 mm) PDMS samples were cut using hole punches. These
samples were either submerged in distilled water (resistivity 18.2 MΩ cm) or left open in the air
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(21oC, 45% humidity) for removal of the hard filler templates. The remaining water was expelled
through manual squeezing with paper towel followed by oven drying for 30 mins at 120oC.

6.3.3 PDMS electrode preparation

5 layers of edible gold leaf (The Gold Leaf Factory, Australia) were glued between 2 pieces of
baking paper (Multix Green Brown, Woolworths, Australia)) and cut into strips (5 mm by 70
mm). The strips were then sealed in biodegradable, non-toxic cling film (Multix Green
Degradable Cling Wrap, Woolworths, Australia) before folding them at 1 cm intervals and cast
in a zigzag pattern in a 10 mm wide, 10 mm high and 45 mm long mould with 4 grams of a 1:3
mixture of PDMS and CaCl2, respectively. Samples were then cured in an oven and washed of
any salt filler as described in section 6.3.3.
All electrode samples were analysed using mechanical testing and impedance analysis.

6.3.4 Hard template removal efficiency

PDMS hard templates were removed via submerging in distilled water. The template removal
efficiency was determined using a weight ratio (WR);
𝑤

𝑊𝑅 = 𝑤 𝑡

(2.5)

𝑜

Where, wt and wo are the final and initial weights, respectively.

6.3.5 Mechanical Testing

Mechanical testing was performed on a universal mechanical testing apparatus (EZ-S, Shimadzu,
Japan).
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PDMS sponge cylinders (diameter = 15 mm, height = 4 mm) for compression testing were
compressed at 1 mm/min at 21oC. Stress strain data was used to calculate values for compressive
stress at failure (σc), compressive strain at failure (ɛc), secant modulus 20% - 30% (Ec) and strain
energy to failure (U).
Dog bone samples (thickness = 4 mm, neck width = 3 mm, gauge length 14 mm) for tensile testing
were extended at 10 mm/min at 21oC. The stress-strain data was used to calculate the work of
extension (W), tensile stress at failure (σt), Young’s modulus (Et) and tensile strain (ɛt).

6.3.6 Absorption capacity

PDMS/CaCl2 sponges were submerged into solutions of common, commercially available, toxic
ingredients; methylated spirits, mineral turpentine, baby oil, instant hand sanitiser and gin. These
samples were left to absorb these solutions for 10 minutes, then removed, lightly towelled to
remove excess solution and weighed. The equation used to determine the absorption capacity was;

(

𝑀𝑡
) × 100
𝑀𝑜

(2.6)

Where Mt and Mo are the final and initial weights, respectively.

6.3.7 Optical Microscopy

The pore diameter of the sponge samples was obtained using a Leica DM4000–6000 optical
microscope in tandem with Leica Application Suite (LAS) software. The average pore diameters
were determined using image analysis.
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6.3.8 Impedance spectroscopy

The impedance behaviour of the samples was obtained using a potentiostat (Gamry Reference
600). Electrical analysis was performed by applying 10 mV (AC rms) and 0.1 V (DC) between
frequencies of 1 Hz and 100 kHz. The impedance measurements were conducted on samples with
cross-sectional area of 1 cm2 at 5 different lengths (0.5 cm - 2.5 cm).
Using the measured resistance (R) of the electrodes at various lengths (l) and using a fixed cross
sectional area (A), the conductivity (σ) and contact resistance (Rc) of the electrodes was calculated
with the following equation;

𝑅=

𝐴
+ 𝑅𝑐
𝑙𝜎
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6.4 Results and Discussion
PDMS sponges were prepared using a variety of different fillers to determine the optimal method
for the creation of a hydrophobic, oleophilic, 3D interconnected porous structure. The removal
efficiency of the different fillers for creating PDMS sponges were examined and the resulting
mechanical properties analysed.

Figure 6.1 PDMS/CaCl2 sponge samples of approximately 15 mm diameter and 4 mm height.

6.4.1 Fabrication of PDMS Sponge via water immersion

PDMS sponges were produced by mixing various fillers into a PDMS mixture and cured to form
porous samples via a hard template method, as described in section 2.2.7. The fillers examined
were calcium chloride, sodium chloride, lithium chloride, brown sugar and white sugar. These
PDMS-filler mixtures were immersed in distilled water for 12 hours to compare the effect which
hydrophilicity had on the efficiency of the hard template removal in an aqueous solution. The
results were plotted as a fraction of their original weight and were assumed to have had the filler
template completely removed when they became approximately 0.27 of their original weight. 0.27
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was chosen as the theoretical weight fraction of a completely removed template instead of 0.25
to account for the added weight from the PDMS crosslinker.
From Figure 6.2 it can be seen that the hydrophilicity of the salt fillers had a direct effect on that
hard template removal, whereby an increase in the hydrophilicity resulted in an increase in filler
removal efficiency; CaCl2>LiCl>NaCl. This correlation between hydrophilicity and filler
removal is illustrated via calcium chloride showing the best performance for template removal
becoming almost completely removed at approximately 6 hours. The slight deviation of the
plateau weight ratio being 0.30 ± 0.02 to the theoretical weight ratio of 0.27 was determined to
be a result of a small amount of filler particles being encapsulated within the sponge or introduced
human error from inaccurate weighting during sample preparation. These results contradict the
conventional thinking in the literature, which assumes that the hydrophilic nature of salt fillers
should be avoided as the water required to penetrate the sponge to remove the salt is hindered by
the hydrophobic nature of the PDMS sponges.353,362 However, from our work it was discovered
that by using extremely hydrophilic salts that this effect could be overcome, with calcium chloride
displaying a faster removal of template filler from the PDMS sponges in water compared to any
other filler or filler-solvent combination in the literature to the best of our knowledge.
Furthermore, these results illustrated a further advantage as the calcium chloride and lithium
chloride salts display the unique characteristic of deliquescence, enabling the creation of porous
structures via a spontaneously self-removing template.

135

Chapter 6 Ingestible PDMS sponge

Figure 6.2 A) Weight change of PDMS sponges as the different removable templates are washed
away in distilled water over 12 hours. B) Weight change of PDMS sponges as the Calcium Chloride
templates are washed away in water over 12 hours as a single plot to help identify the error bars.

6.4.2 Fabrication of PDMS Sponge via Deliquescence

Deliquescence is the property that some salts possess, whereby their extremely hydroscopic
nature allows them to absorb moisture from the surrounding atmosphere until they become
dissolved in the collected water, becoming a solution.354 The salts lithium chloride and calcium
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chloride both possess this trait and therefore it was thought that these salts could be used to
demonstrate the first facile, cheap, spontaneously self-removing hard template method for the
creation of PDMS sponges. PDMS sponge samples using these two salts were left in the open air
at 21oC and 45% humidity with the self-removal of the hard template recorded. A weight fraction
of 0.27 of the original weight was once again used as the benchmark for complete hard template
removal. The results are illustrated in Figures 6.3 and 6.4.
Figure 6.3 illustrates the self-removing deliquescence process, whereby the salt templates slowly
absorb moisture from the surrounding atmosphere becoming a solution. Once solubilised, the
hydrophobic nature of the PDMS causes the newly formed solution to eject itself from the sample,
leaving a porous PDMS sponge. As can been seen from Figure 6.4 the sponge samples constructed
using lithium chloride as a hard template were able to completely remove themselves from the
PDMS after approximately 6 days and the samples constructed using calcium chloride after
approximately 4 days. The calcium chloride displayed superior self-removal compared to the
lithium chloride as it is the more hydrophilic salt.363 However, it was observed that the lithium
chloride had an initial larger salt removal for the first two days but was then rapidly overtaken by
calcium chloride after the 3rd day. This was thought to be a result of the lithium chloride powder
used being of a smaller particle size, as shown in Table 6.1, resulting in a higher surface area for
contact with the surrounding atmosphere. This increased surface area allowed the lithium chloride
to absorb water from the surrounding atmosphere at an initial faster rate than the calcium chloride
despite being less hydrophilic. However, the lithium chloride was overtaken by the calcium
chloride once the calcium chloride achieved a threshold water content which accelerated the
deliquescence process at the 3rd day.
This work demonstrates the production of a new type of spontaneously self-removing hard
template method which requires no sophisticated equipment, toxic solvents or expensive
materials. The mechanical properties of the PDMS sponges produced using the hydroscopic salts
were analysed and compared to other hard template fillers used to construct PDMS sponges.
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Figure 6.3 Expulsion of salt solution within the PDMS sponges as the CaCl2 (left) and LiCl (right)
hard templates are solubilised via deliquescence at A) 1, B) 2, C) 3, D) 4, E) 5, F) 6 and G) 7 days.

Figure 6.4 Weight change of PDMS sponges as CaCl2 and LiCl templates are removed via
deliquescence over 6 days.
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6.4.3 Mechanical Properties

The PDMS sponge samples mechanical properties were measured using a universal mechanical
testing apparatus by cutting the samples into cylinders and dog bone shapes for compression and
tensile testing, respectively. Optical microscopy was used to determine the average pore diameter
of the internal 3D structure of the sponges. The results are displayed in Tables 6.1, 6.2 and Figures
6.5 and 6.6.

Table 6.1 Mechanical properties and pore diameter of PDMS sponges with different salt templates
determined via compression testing and optical microscopy. σc, ɛt, Ec and U indicate compressive
stress at failure, compressive strain at failure, secant modulus (20%-30%) and strain energy to
failure, respectively. All experiments performed at 21oC.

Sample

σc (MPa)

ɛc (%)

Ec (kPa)

U (J/m3)

Pore diameter
(µm)

CaCl2

2.8 ± 0.1

94 ± 2

110 ± 30

373 ± 15

404 ± 140

NaCl

2.8 ± 0.1

95 ± 2

200 ± 40

474 ± 59

379 ± 100

LiCl

2.8 ± 0.1

93 ± 2

160 ± 30

456 ± 39

208 ± 52

Brown sugar

2.8 ± 0.1

95 ± 1

80 ± 10

355 ± 14

603 ± 193

White sugar

2.7 ± 0.1

96 ± 1

90 ± 10

358 ± 7

452 ± 100

Table 6.2 Mechanical properties of PDMS sponges with different salt templates determined via
tensile testing. σt, ɛt, Et and W indicate tensile stress at failure, tensile strain, Young’s modulus and
work of extension, respectively. All experiments performed at 21oC.

Sample

σt (kPa)

ɛt (%)

Et (kPa)

W (kJ/m3)

CaCl2

106 ± 22

43 ± 6

221 ± 44

23 ± 7

NaCl

221 ± 46

67 ± 8

252 ± 34

69 ± 17

LiCl

313 ± 60

75 ± 8

325 ± 84

105 ± 17

Brown sugar

83 ± 20

41 ± 4

162 ± 49

16 ± 4

White sugar

139 ± 25

50 ± 6

196 ± 38

32 ± 9
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Figure 6.5 Optical microscope images of PDMS sponges made using A) CaCl2, B) LiCl, C) NaCl, D)
Brown sugar and E) White sugar porogens. White scale bars correspond to 200 µm.

Figure 6.6 A) Stress Strain plot of a typical compression test of a CaCl 2 PDMS sample. B) Stress
Strain plot of a typical tensile test of a CaCl2 PDMS sample. C) Linear regression analysis of the
relation between pore diameter and Young’s modulus.

The PDMS sponges showed excellent compressive performance, remaining unbroken with
instantaneous recovery of mechanical properties even when compressed to the maximum force
of our device; 2.8 MPa, figure 6.6A. This indicates that the PDMS sponges can easily survive the
maximum compressive stresses experienced in the digestive tract; 0.7 to 67 kPa136–138, and are
flexible enough to conform to the complex nature of the GI system.
The maximum compressive stress and maximum compressive strain of the different samples were
near identical. This was determined to be a result of the sponges being compressed so that their
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internal porous structure was flattened out to a point at which the samples behaved as a solid
cylinder of PDMS. However, although their maximum compressive stress and strains were near
identical, the secant modulus and strain energy of the samples varied quite significantly. This was
observed to correlate with the internal porous 3D structure of the sponges, which varied according
to the grain sizes of the fillers used to construct the hard template.
As illustrated in Table 6.1, the largest pore diameter produced was using brown sugar at 603 ±
193 µm and the smallest being lithium chloride at 208 ± 52 µm. These corresponded with the
lowest and 2nd highest strain energies of 355 ± 14 J/m3 and 461 ± 54 J/m3 for samples prepared
using brown sugar and lithium chloride, respectively. This was thought to be a result of the larger
grain sizes producing larger pores which were filled with air. These larger ‘pockets’ of air could
then be compressed to a greater extend, resulting in a ‘fluffier’ sponge with lower strain energy
and secant modulus compared to the denser sponges produced using smaller sized salt and sugar
grains. However, it must be noted that although a trend between grain size and strain
energy/secant modulus was observed, whereby smaller grains lead to greater strain energy/secant
modulus, this trend was not consistent for all samples as demonstrated by the lithium chloride
only possessing the 2nd largest strain energy/secant modulus.
The different PDMS sponges elastic properties were characterised using tensile testing, Table 6.2.
The results once again revealed a correlation between pore diameter and mechanical properties.
From Table 6.2 shows that the tensile properties increased with decreasing pore diameter. This is
demonstrated via the LiCl sample, pore dimensions of 208 ± 52 µm, and brown sugar sample,
pore dimensions of 603 ± 193 µm, displaying the largest and smallest tensile stress, tensile strain,
young’s modulus and work of extension, respectively. This phenomenon was displayed in all
samples for all mechanical properties with the only exception being the maximum tensile stress
and strain for the white sugar being slightly larger than that of the calcium chloride samples
despite a larger average pore diameter. This was thought to be a result of the error produced via
the difference in density and shape of the fillers.

141

Chapter 6 Ingestible PDMS sponge

From the results in Table 6.2, the PDMS sponge displayed excellent mechanical properties, with
the sponge constructed using a CaCl2 sacrificial template giving a maximum tensile stress of 106
± 22 kPa and a maximum tensile strain of 43 ± 6 %. Furthermore, the PDMS sponges were
observed to only undergo elastic deformation and therefore the mechanical properties were fully
recoverable if the sponges were unbroken, Figure 6.6B. Lastly it was discovered that a linear
relationship existed between the pore size and tensile properties of the PDMS sponges, figure
6.6C. A linear regression analysis was used to determine the relationship between tensile
properties and pore size, with the results displayed in Table 6.3.

Table 6.3 Results of a linear regression analysis between the pore size of the PDMS sponges and
their tensile properties. All experiments performed at 21oC.

y = mx + b

y

x

R2

y = -0.6016x + 435.97

Tensile stress (kPa)

Pore size (µm)

0.9702

y = -0.0907x + 95.503

Tensile strain (%)

Pore size (µm)

0.9204

y = -0.4253x + 405.21

Young’s modulus (kPa)

Pore size (µm)

0.9513

y = -0.2356x + 152.2

Work of extension (kJ/m3)

Pore size (µm)

0.9446

These equations could therefore be used to predict and tailor the mechanical properties of the
material to allow for customisation of tensile properties for specific applications. These results
indicate that the PDMS could be used as an edible, elastic material for the GI tract as it is nontoxic and durable to the mechanical stresses it can be expected to experience.136–138
From this work it can be seen that the easiest and most effective means of producing robust PDMS
sponges is using a sacrificial CaCl2 template. These materials have the potential to be used in a
variety of possible applications, such as substrates for edible devices or as an edible sponge for
the absorption of toxic solvents from the GI tract.
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6.4.4 Selective absorption of toxic solvents

PDMS sponges have been shown to be inherently oleophilic and hydrophobic, making them ideal
candidates for oil spill clean-ups as they preferential absorb oils from water.351–353,360,362
Furthermore, PDMS is a common component of transient and implantable devices364 as they are
non-toxic and used in a variety of food products, such as an anti-foaming agents and McDonald’s
chicken nuggets.365 For this reason, it was proposed that the PDMS sponges could be utilised as
an edible sponge to absorb toxic substances from the stomach and intestine after accidental
consumption. These sponges could therefore provide a possible safer alternative to more invasive
and dangerous procedures such as stomach pumping. To examine the potential of the PDMS
sponges for selectively absorbing toxic substances, the sponges were submerged in a variety of
solvents brought from the local Woolworths supermarket and compared to the absorbance of
simulated stomach fluid. Results are displayed in Figure 6.7.

Figure 6.7 Absorption of different common toxic solvents by PDMS sponges after 10 minutes
absorption.
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As can be seen from Figure 6.7, that the PDMS sponge displayed a far higher proficiency for the
absorption of the toxic substances compared to the simulated gastric fluid. The gastric fluid was
absorbed into the PDMS sponges at 24 ± 7% w/w, which was an order of magnitude less than the
substance with the highest absorption being mineral turpentine at 350 ± 33% w/w. The toxic
substance which was absorbed with the least proficiency was Gin at 58 ± 3% w/w, which was still
more than double that of simulated gastric fluid. These results were determined to be a reflection
of the hydrophobic and oleophilic nature of the PDMS, whereby the more non-polar a solution
the better it was absorbed by the PDMS sponge. These results also indicate that the PDMS
sponges were able to absorb the toxic substances even when their viscosities were relatively high,
as seen in the absorption of the viscous baby oil and hand sanitiser being 148 ± 2% w/w and 138
± 8% w/w, respectively. Therefore, it has been demonstrated from this work that the edible PDMS
sponges could aid in the safe isolation and removal of many toxic chemicals from patients’
stomachs, which could provide a possible safer, easier and more effective alternative to other
more invasive procedures.
However, a study of the extraction of toxic solvents from SGF would be vital for the next stage
of the study into the use of PDMS sponges as in vivo applications would have the toxic solvent
mixed within the SGF. Therefore, it is proposed that UV-vis spectroscopy and the Beer-lambert
law could be used to determine the before and after concentration of a mixed simulated gastric
fluid/toxic solvent mixture to determine the extraction efficiency of the toxic solvent via PDMS
sponges. Furthermore, the sponges used in future work should include the consideration that the
sponges may swell when absorbing solvents. As a result, sponge samples should be kept small in
dimension when used in GI applications so as to make the increase in volume of the PDMS
sponges from adsorption of toxic solvents inconsequential.
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6.4.5 Fabrication of edible PDMS/gold leaf electrodes

Several materials have been explored for the construction of a conductive PDMS sponge such as
silver nanowires357, carbon nanofibres358 and carbon nanotubes355. However, these approaches
typically require expensive materials, toxic components or complex and time consuming
production methods. Therefore, in the pursuit to develop a simple, cheap method for the
construction of a highly conductive, durable, flexible, edible conductor the combination of PDMS
with an edible gold leaf79,252 spring was examined, Figure 6.8. The PDMS porogen used for these
experiments was calcium chloride. The electrical and mechanical properties of these PDMS
conductors are outlined in Table 6.4.

Figure 6.8 PDMS sponge electrode constructed using gold leaf.

Gold leaf was glued to a paper substrate to allow the gold leaf to be bent into a zig-zag pattern,
which was then cast in PDMS. This zig-zag pattern allowed the gold leaf to be stretched without
breaking, acting like a spring. Furthermore, it was observed from preliminary construction that
the gold leaf needed to be sealed from the PDMS as the water produced during removal of the
hard template caused delamination of the gold from the paper. Therefore, it was sealed in a nontoxic, biodegradable cling film which preserved it from the water and provided a better connection
to the PDMS sponge substrate, increasing the maximum tensile stress from 18 ± 2 kPa to 64 ± 14
kPa for unsealed and sealed gold spring samples, respectively.
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As can be seen from Table 6.4, the PDMS/gold leaf electrodes displayed promising mechanical
characteristics being able to be stretched to 39 ± 8 % of its original length, with a Young’s
modulus of 173 ± 61 kPa and a maximum compressive stress of 64 ± 14 kPa. However, it can be
seen that although these results indicate the creation of a strong, flexible electrode the compressive
stress and work of extension was markedly lower than that reported for the PDMS sponge alone,
Table 6.2 and Table 6.3. This was determined to be a result of gold leaf affecting the structural
integrity of the PDMS as it introduced flaws into the PDMS whereby cracks/tears could propagate
and break the sample prematurely. In addition to this, the electrical properties displayed excellent
performance. The PDMS/gold leaf combination was able to produce a stretchable electrode which
had a conductivity of 44 ± 14 S/cm. This electrode demonstrates a novel, facile and versatile
construction method which only uses safe, non-toxic and cheap materials. This work therefore
demonstrates the creation of a robust, stretchable, edible electrode for the development of flexible
devices and edible electronics.

Table 6.4 Mechanical and electrical properties of PDMS sponges with gold leaf conductors. All
experiments performed at 21oC.

Sample

σt (kPa) ɛt (%)

Gold leaf

64 ± 14

Et (kPa)

39 ± 8 173 ± 61
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44 ± 14
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6.5 Conclusion
This work demonstrates new possibilities for the large scale manufacturing and utilisation of
PDMS sponge technology by providing a novel, cheap, facile, green method of production which
does not rely on complex/time consuming procedures or expensive equipment. By exploiting the
extreme hydrophilic nature of deliquescent salt calcium chloride, a PDMS sponge manufacturing
technique was developed which removed the hard template in only 6 hours. Furthermore, not only
was this highest removal efficiency in the literature, to the best of our knowledge, but the calcium
chloride hard template was able to spontaneously remove itself on exposure to the moisture in the
atmosphere in only 4 days. The produced PDMS sponges displayed excellent mechanical
properties having a maximum tensile and compressive stress of 106 ± 22 kPa and 2.8 ± 0.1 MPa,
respectively, and a maximum tensile and compressive strain of 43 ± 6 % and 94 ± 2 %,
respectively.

This

mechanical

performance

coupled

with

the

non-toxic

and

oleophilic/hydrophobic nature of the PDMS demonstrated that the sponges could easily survive
and travel through the harsh, complex environment of the GI tract and as such, would be idea
materials in edible device research. To demonstrate this potential an edible PDMS sponge was
produced which illustrated vast preferential absorption of toxic solvents over simulated gastric
fluid, offering a possible safer and cheaper treatment alternative to conventional procedures such
as stomach pumping. Furthermore, these PDMS sponges were utilised as substrates for the nontoxic conductive gold leaf spring. PDMS/gold leaf edible electrodes were produced which
displayed a maximum compressive stress and strain of 64 ± 14 kPa and 39 ± 8 %, respectively,
and a conductivity of 44 ± 14 mS/cm. This work establishes new possibilities for researchers to
further the state of the art for a variety of fields such as edible devices and stretchable electronics.
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7.1 Abstract
Consumable, robust, self-healing hydrogel conductors offer new possibilities to further the stateof-the-art of edible device and bioelectronic research. To this effect, an interpenetrating polymer
network, constructed of sodium tetraborate crosslinked poly(vinyl acetate) and food grade gelatin,
was constructed. An optimised novel combination of these hydrogels displayed synergistic
strengthening which vastly improved the compressive and tensile properties, enabling it to
withstand the stresses it can be expected to experience in the gastrointestinal tract. In addition to
this, the compressive and tensile properties were shown to undergo full self-healing within 1
minute and 1 hour, respectively, of reconnection of two severed halves. Furthermore, impedance
analysis of the ionically crosslinked robust hydrogel revealed a conductivity of 8.5 ± 0.7 mS/cm,
which was capable of full restoration almost instantaneously upon reconnection of two severed
pieces. Lastly, an investigation into the effect that separation time had on the self-healing efficacy
showed that the robust hydrogel electrodes needed to be reconnected within 1 minute of
separation for full self-healing of mechanical properties to be achieved. This work presents the
creation of a novel, edible, robust, self-healing hydrogel electrode for edible device development.
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7.2 Introduction
The GI tract is one of nature’s most complex, fragile and vital organ systems. Its role is to provide
chemical energy to the body by breaking down and absorbing the food we consume.1–4 Despite
its importance for our health, contemporary tools which exist to treat and monitor this organ
system are expensive, complicated or very invasive. One of the only devices which have enabled
a degree of practical intervention are electronic capsules.
Electronic capsules are small, swallowable devices which pass through the GI tract performing a
wide range of functions such as endoscopy57, localised drug delivery59, time controlled release of
medication54 and analytics of stomach pH60, dissolved oxygen57, compressive force of digestion61,
temperature62 and internal bleeding.63 However, despite these smart functionalities, retention of
these devices occurs in approximately 1 in 50 cases.52 As these electronics are comprised of toxic
materials, this high retention rate prevents regular use. To help circumvent this issue a new field
has emerged which aim to create smart ingestible devices but are comprised of non-toxic,
reabsorbable materials so as to alleviate any concern of retention. This field of research is known
as edible devices or edible electronics.366
Despite edible device research still being in its infancy several ingestible apparatuses have been
demonstrated, such as batteries75,76, pressure sensors252,367, actuators164 and supercapacitors.79
However, one of the common issues that plagues this field lies in the fact that the GI tract
functions to break down food. Consequently the use of ingestible materials to make edible
electronics which are able to withstand these harsh conditions are therefore inherently difficult.
One possible solution is the creation of self-healing materials which are able to repair themselves
in response to these stresses, such as self-healing hydrogel conductors.
Self-healing hydrogels are a unique type of hydrophilic polymer, which are able to autonomously
reform broken bonds to repair damage along it’s polymer chain.283–285 These self-healing
hydrogels can be produced by utilising a number of different methods such as reformable
coordination bonds368, imine bonds369, electrostatic interactions370, Diels-Alder reactions371 or
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disulphide bonds.372 However, these approaches typically involve toxic components and complex
production methods, making them unsuitable for human consumption. One such non-toxic,
biocompatible, biodegradable self-healing gel is borax crosslinked poly(vinyl acetate) (PVAc).
PVAc polymer is the primary constituent of the child friendly Elmer’s school glue.218,373 When
PVAc is immersed in a basic environment it undergoes hydrolysis whereby a fraction of its acetate
functional groups are converted into alcohol functional groups.218 When combined with the
preservative sodium tetraborate133 this basic salt creates alcohol functional groups which are then
able to form ionic boronate-diol crosslinks along two PVAc chains.218 This gel displays selfhealing properties as these boronate-diol bonds are capable of reforming once broken.374
However, these gels are typically weak as they require high chain mobility to display selfhealing.283–285 Therefore modification is required to reinforce the polymer network and enable
their survival in the GI tract.
Typical hydrogel strengthening methods involve the use of covalent crosslinks277, slip-ring
mechanisms270, nano-composite polymers271 or reinforcing fillers249,272. However, these
modifications restrict chain mobility and consequently reduce their self-healing abilities.283–285
Recently, a strengthening mechanism has been found whereby the addition of a two independently
crosslinked networks, in which one network is ionically crosslinked, results in a synergistically
reinforced interpenetrating polymer network (IPN).152,276,280 This reinforcement mechanism works
via the primary network being crosslinked by ionic bonds which break and ‘unzip’ when a load
is applied, dissipating the stresses throughout the IPN.152,276,280 Since this method requires high
chain mobility to function it was proposed that it would be the ideal system to create robust selfhealing hydrogels.
The creation of these self-healing digestible hydrogel electrodes would enable researchers greater
flexibility in the design of edible devices. For example, currently the complexity and form of
edible electronics are constraint by the necessity to be able to fit within a pill sized capsules for
easy ingestion. Via the creation of a means to reform broken connects, these edible devices could
be designed to be cut, folded and placed into a pill sized capsule so that it can reform after
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ingestion. This would allow researchers a greater degree of freedom when designing edible
electronics.
The work presented here describes the development of a novel, edible, robust, self-healing IPN
electrode in a one pot synthesis via the combination of sodium tetraborate crosslinked non-toxic
PVAc and food grade gelatin. The mechanical, electrical and self-healing properties of this
ingestible hydrogel were analysed and are presented below.
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7.3 Materials and Methods

7.3.1 Poly(vinyl acetate)/Gelatin IPN preparation

10 g of Poly(vinyl acetate) glue (PVAc) (Elmer’s School Glue, Woolworths, Australia) was
poured into a 50 mL beaker and heated to 80oC under rapid stirring at 300 rpm. Different w/w%
of Gelatin powder (McKenzie’s, Woolworths, Australia) was dissolved into this solution (1%,
2%, 3%, 5%, and 10%). A 0.5 g/mL Borax stock solution (Bare Essentials, Woolworths,
Australia) was prepared by dissolving 5 g borax in 10 mL of tap water at 80oC, whilst being stirred
at 300 rpm. The PVA/gelatin solution was poured into a glass petri dish mould (5 cm diameter, 1
cm height). 2 mL of the Borax stock solution was added to the PVAc/gelatin and stirred manually
with a spatula as the PVAc set (approximately 30 seconds) and spread evenly into a glass petri
dish. The crosslinked PVAc/gelatin was placed into the fridge at 4oC for 24 hours to allow the
gelatin to set, creating the IPN.

7.3.2 Water content

Water content of the hydrogels was calculated using the following equation:
𝑠𝑤𝑜𝑙𝑙𝑒𝑛 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙−𝑑𝑟𝑦 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙
)𝑥
𝑠𝑤𝑜𝑙𝑙𝑒𝑛 ℎ𝑦𝑑𝑟𝑜𝑔𝑒𝑙

𝑊𝐶 = (

100

(2.1)

where the swollen and dry hydrogel indicate the weight of as-prepared and fully dehydrated
samples, respectively.
The hydrogels were dried by placing them in an oven (Thermoline Scientific, Australia) at 60oC
for 24 hours.
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7.3.3 Mechanical Analysis

Mechanical testing was performed using a universal mechanical testing apparatus (EZ-S,
Shimadzu, Japan). Gels for tensile analysis were cut into dog bone shapes of approximately 4 mm
thickness, neck width of 3 mm and gauge length of 14 mm. Hydrogels were pulled at 50 mm/min
at 21oC. The stress-strain data was used to calculate the work of extension (W), tensile stress at
failure (σt), Young’s modulus (Et) and tensile strain (ɛt).
Gels for compression testing were cut into cylinders of approximately 10 mm height and 16 mm
diameter. Specimens were compressed at 1 mm/min at 21oC. Stress strain data was used to
calculate values for compressive stress at failure (σc), compressive strain at failure (ɛc), secant
modulus 20% - 30% (Ec) and strain energy to failure (U).

7.3.4 Rheology

Rheological analysis was carried out using an Anton Paar Physica MCR 301 Digital Rheometer
(parallel plate tool; diameter, 15 mm) at 21°C. Gels were cut into cylinders of 5 mm height and
15 mm diameter. Strain sweep experiments were carried out at constant frequency of 1 Hz and
oscillating strain varying between 0.01 and 100%. Values for storage and loss modulus were
recorded for PVAc/2% w/w gelatin samples.

7.3.5 Impedance spectroscopy

The impedance behaviour of the gel samples was obtained using a potentiostat (Gamry Reference
600). Electrical analysis was performed by applying 10 mV (AC rms) and 0.1 V (DC) between
frequencies of 1 Hz and 100 kHz. Copper tape was used for electrode contact. The impedance
measurements were conducted on samples at 5 different lengths (0.5 cm - 2.5 cm).
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Conductivity of the gels was elucidated by isolating the resistive component of the impedance at
high frequencies (between 1000 and 100000 Hz). Using the resistance (R) of the gels, a set cross
sectional area (A) and changing length (l) the conductivity (σ) and contact resistance (Rc) of the
gels was calculated using the following equation;

𝑅=

𝐴
+ 𝑅𝑐
𝑙𝜎

(2.10)

7.3.6 Self-Healing

Analysis of the effects that healing time and separation time had on the self-healed gels
mechanical and electrical properties were performed as follows;

Healing time
Gels were cut in equal halves, placed back together, sealed and left to heal for 1, 10, 60 minutes
or 24 hours. From these hydrogels, samples were cut for tensile testing, compression testing or
impedance analysis. Dog bones were cut of approximately 4 mm thickness, neck width of 3 mm
and gauge length of 14 mm using a dog-bone shaped hole punch for tensile testing. Cylinders of
approximately 10 mm height and 16 mm diameter were cut using a circular hole punch for
compression testing. Samples of 1 cm x 1 cm at 5 different lengths (0.5 cm – 2.5 cm) were
prepared for impedance analysis.

Separation time
Gels were cut in equal halves, sealed and left separated for 1, 10, 60 minutes and 24 hours. After
being left separated, hydrogels were placed back together, sealed and left to heal for 60 minutes.
From these samples dog bones were cut of approximately 4 mm thickness, neck width of 3 mm
and gauge length of 14 mm using a dog-bone shaped hole punch for tensile testing.
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7.4 Results and Discussion
Self-healing, robust IPN hydrogel samples were prepared using non-toxic, supermarket bought
hydrogel forming polymers PVAc and gelatin (Figure 7.1). Gelatin is a commonly used food
thickener and PVAc is a non-toxic polymer (LD50 of 2.9 g/kg375) which is used in a variety of
food products such as chewing gum and fruit & vegetable glazes.376 The mechanical/electrical
properties and self-healing capacity of the gels was examined using different hydrogel ratios via
tensile testing, compression testing and impedance analysis.

Figure 7.1 PVAc/2% w/w gelatin hydrogel samples a) cut in half and self-healed to opposing
hydrogel samples. B) Self-healed PVAc/2% w/w gelatin samples before and C) after tensile testing.
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7.4.1 Water content

The water content (WC) of the PVAc hydrogels with different w/w% concentrations of gelatin
was analysed using equation 2.1 with the results displayed in Figure 7.2. As can be seen, there
was a large reduction in w/w% water content of the hydrogels which contained gelatin; compared
to the as-prepared PVAc gels (PVAc gels without any gelatin). Although an increase in WC of
hydrogel samples with 1% to 3% w/w gelatin is observed they lay within experimental error of
each other. A near-linear decrease was observed as the gelatin concentration increased from 3%
to 10% w/w, however more data points need to be collected before this linear reduction can be

Water content (%)

considered a property of the samples (Figure 7.2).
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Figure 7.2 Water content of PVA/gelatin gels with different gelatin w/w%.

7.4.2 Extension rate

Various extension rates for the tensile testing of PVAc hydrogels was examined to determine the
optimum extension rate for mechanical analysis, Table 7.1.
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As can be seen, the extension rate of the tensile testing had a dramatic effect on the properties of
the hydrogel samples with samples extended at a rate of 5 mm/min and 10 mm/min not breaking
before they achieved the maximum allowable strain for the mechanical tester used. This effect is
thought to be a result of the gels displaying stress relaxation during testing, as the slow extension
rate allowed the polymer chains enough time to rearrange in response to the applied stress. This
phenomenon is common in self-healing hydrogels as these polymers often requires high chain
mobility to rearrange themselves and reform bonds and remake a single homogenous polymer.283–
285

Therefore, as a consequence of the stress relaxation’s influence on the results, it was observed
that the faster the extension rate, the higher the tensile stress and lower the tensile strain. However,
although this trend was mostly consistent between samples, there was an unexpected spike in the
tensile strength, work of extension and elastic modulus of the hydrogels tested at 5 mm/min. This
result was concluded to be an effect of the samples being stretched extremely thin over a
prolonged period of time (approximately 70 to 90 minutes) which led to a drying of the exposed
samples and, hence, an increase in some of the mechanical properties. Therefore, an extension
rate of 50 mm/min was used, since it allowed for the clear determination of the breaking points
of the hydrogel samples and was more comparable to the rapid extension rates it can be expected
to experience in real world applications.
Table 7.1 Mechanical properties of PVAc gels at different extension rates.

Rate

Tensile
strength (kPa)

Extension to
fail (%)

Work of
extension
(kJ/m3)

Elastic
modulus (kPa)

5 mm/min

15 ± 3

2500 ± 300

80 ± 10

2.9 ± 0.5

10 mm/min

4.5 ± 0.5

2600 ± 300

56 ± 3

2.1 ± 0.2

20 mm/min

8 ± 0.5

1800 ± 200

80 ± 20

5.2 ± 0.2

50 mm/min

21 ± 4

1600 ± 100

150 ± 30

9±1
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7.4.3 Optimisation of tensile properties

The addition of different concentrations of gelatin biopolymer to PVAc was explored to see the
effect the second polymer network would have on the samples tensile properties. The tensile
properties of the different hydrogels were obtained by extending the samples until failure using a
mechanical analyser, as outlined in section 7.3.3.
As described previously the combination of two independently crosslinked network leads to a
synergistic strengthening via the secondary ionic network dissipating the applied load throughout
the IPN.203,280 This effect was reflected in our observations as the addition of gelatin resulted in
vastly improved mechanical properties.
As can be seen from Table 7.2 the addition of 2 and 3 %w/w of the secondary gelatin network
resulted in an almost tripling of tensile strength/elastic modulus and an almost doubling of the
work of extension when compared to PVAc samples without any added gelatin. However, a
reduction in the tensile strain was also observed, decreasing from 1600% ± 100% to 960% ± 30%
and 1100 ± 100 for PVAc gels with 0, 2 and 3 %w/w gelatin, respectively. This was thought to
be a result of the gelatin network constricting the PVAc polymer chains so that they were not able
to slide past one another in response to the applied load.
Furthermore, as the secondary gelatin network was added in ratios above 3% w/w, the resulting
samples displayed vastly decreased tensile properties. This is illustrated by the tensile stress and
strain decreasing from 21 ± 4 kPa to 13 ± 4 kPa and 1600% ± 100% to 160% ± 30% when
comparing the PVAc gels with 0% and 10% w/w gelatin, respectively (Table 7.2). These results
further highlight the need for high chain mobility of the primary PVAc network to facilitate the
synergistic strengthening mechanism and that this reliance on high chain mobility to create tough
gels makes this method ideal for creating robust self-healing hydrogels.
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Table 7.2 Tensile properties of PVAc/gelatin IPNs with different gelatin concentrations.

Gelatin
concentration
w/w%

Tensile
strength (kPa)

Tensile
strain (%)

Work of
extension (kJ/m3)

Elastic
modulus (kPa)

0

21 ± 4

1600 ± 300

150 ± 30

9±1

1

37 ± 6

1200 ± 100

250 ± 50

20 ± 3

2

61 ± 5

960 ± 30

240 ± 20

26 ± 2

3

60 ± 2

1100 ± 100

280 ± 20

26 ± 4

5

46 ± 4

500 ± 100

130 ± 10

34 ± 1

10

13 ± 4

160 ± 30

9±1

24 ± 3

7.4.4 Optimisation of self-healing

The addition of different concentrations of gelatin biopolymer to PVAc was investigated to
observe the effect the second polymer network would have on the samples self-healing of
mechanical properties. The gels were cut into 2 equal pieces and placing back together for 1 hour,
after which the tensile properties of the healed samples were obtained by extending the gels until
failure using a mechanical analyser, as outlined in section 7.3.3.
As can be seen from Table 7.3 and Figures 7.3 & 7.4, full self-healing was achieved for gels with
up to 2% w/w gelatin added. Samples with 3% w/w gelatin also displayed full self-healing for all
tensile properties except for tensile strain. These results were determined to reflect the need for
high chain mobility for full self-healing and that the addition of gelatin above 2% w/w restricted
the polymer chains such that they could not reform broken bonds easily. This is particularly
prominent for samples with 10% w/w gelatin where no self-healing properties at all are detected,
Table 7.3.
From Figure 7.3, it was observed that some obscure results occurred for samples with up to 2%
w/w gelatin as the tensile properties of the samples appeared to increase after 1 hour self-healing.
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However, a t-test was performed on these result to examine whether this observation was
statistically significant. The data was analysed as unpaired and single tailed. The p-values for the
samples containing 0%, 1% and 2% gelatin were 0.063, 0.302 and 0.182, respectively. Therefore,
the null hypothesis was valid and there exists no differences between the as-prepared and selfhealed hydrogel samples containing 0%, 1% and 2% gelatin. Therefore, these results indicate that
the samples fully self-healed their tensile properties after 1 hour but did not exceed their asprepared tensile strengths.
Furthermore, it was found that a greater variation of results was observed for samples with no
gelatin added, since the results barely lay within experimental error of each other (Figures 7.3 &
7.4). This was determined to be a consequence of these gels possessing the highest chain mobility,
allowing for increased chain reorientation and, therefore, a larger variation in recorded tensile
properties. In contrast to this, it was proposed that through the addition of a secondary gelatin
network, up to 2% w/w, the IPNs were capable of sufficiently constricting the polymer chains
such that once the ionic bonds were broken, they were able to quickly re-establish themselves
upon reconnection and showed less variation in results.
These finding indicate that high chain mobility is paramount for efficient self-healing and optimal
tensile properties. Therefore, from the results presented here it was determined that the optimal
formulation for both mechanical properties and full self-healing was PVAc/2% w/w gelatin.
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Figure 7.3 Tensile strength and self-healing efficiency after 1 hour reconnected of PVAc/gelatin
samples with various w/w% gelatin concentrations.

Figure 7.4 Tensile strain and self-healing efficiency after 1 hour reconnected of PVAc/gelatin
samples with various w/w% gelatin concentrations.
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Table 7.3 Tensile properties of PVAc/gelatin IPNs with different gelatin concentrations after 1 hour
of self-healing.

Gelatin
concentration
w/w%

Tensile
strength (kPa)

Tensile
strain (%)

Work of
extension (kJ/m3)

Elastic
modulus (kPa)

0

30 ± 5

1100 ± 200

150 ± 20

15 ± 2

1

42 ± 6

1100 ± 100

200 ± 30

20 ± 1

2

70 ± 8

920 ± 50

280 ± 40

31 ± 3

3

51 ± 11

700 ± 100

180 ± 50

30 ± 2

5

11 ± 1

90 ± 20

7±2

32 ± 4

10

n/a

n/a

n/a

n/a

7.4.5 PVAc/gelatin Rheological properties

The rheological performance of the PVAc/2% w/w gelatin hydrogels was examined and is
displayed in Figure 7.5. A linear viscoelastic region was observed within the range of
approximately 0.09% and 1% strain. This is evident of the material being stable under lower shear
conditions and was used to determine the storage and loss modulus of the material. The storage
and loss modulus were determined to be 19 ± 4 kPa and 8 ± 2 kPa, respectively. These results
showed an improvement of the storage modulus when compared to similar self-healing poly(vinyl
acetate) and poly(vinyl alcohol) gels with the previous highest storage modulus from the
literature, to the best of our knowledge, being approximately 1.72 ± 0.1 kPa for a poly(vinyl
acetate) hydrogel reinforced with cellulose colloidal suspensions.216,309,311 This demonstrates the
reinforcing effect that the presence of gelatin has on the hydrogel formulation. Slippage was
observed above 8% strain. From the work conducted here, it was demonstrated that the IPN
formulation can be used to increase the rheological properties of the PVAc gels, which was
achieved without sacrificing tensile/compression performance or self-healing efficacy.
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Figure 7.5 Example of a rheological sweep of the PVAc/2% w/w gelatin samples with the storage
and loss modulus and linear viscoelastic regions identified.

7.4.6 PVAc/gelatin mechanical properties

From the results shown in section 7.4.3. it was found that the optimal formulation for robust gels
with full self-healing was achieved using a combination of PVAc with 2% w/w gelatin. An
analysis that the effect that self-healing time had on tensile/compressive properties was explored.
PVAc/2% w/w gelatin samples were severed, reconnected, and left to self-heal for 1 minute, 10
mintues,1 hour and 24 hours to monitor the self-healing characteristics through mechanical
analysis, as outlined in section 7.3.6.

Tensile properties
As illustrated in Table 7.4 and Figures 7.6 & 7.7 the tensile properties were found to be fully
restored after approximately 1 hour self-healing. Specifically the IPNs were able to restore the
elastic modulus within 1 minute. The tensile strain and elastic modulus was observed to fully
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recover within 10 minutes of self-healing and finally, all tensile properties were restored within 1
hour of self-healing (Table 7.4).
However, it was observed that despite the tensile properties being fully recovered after 24 hours,
the tensile strength and elastic modulus appeared to be slightly less than that of the samples left
to self-heal for 1 hour (Table 7.4). A t-test was performed on the samples to determine if this
difference was statistically significant. The t-test was performed as 2 tailed and unpaired with the
p values for the tensile strength and elastic modulus calculated to be 0.201 and 0.029, respectively.
This indicated that the difference in tensile strength is insignificant but the difference in elastic
modulus is significant. This difference in elastic modulus was proposed to be a result of the
samples drying out or due to degradation of the gelatin network over the relatively long
experimental timeframe.377

Figure 7.6 Example stress/strain plots of PVAc/2% w/w gelatin sample initially and after various
self-healing times.

165

Chapter 7 Self-healing edible electrode

Figure 7.7 Tensile strength of PVAc/2% w/w gelatin gels after various self-healing times.

Table 7.4 Tensile properties of PVAc/2% w/w gelatin gels measured periodically over a 24 hour
self-healing cycle.

Self-healing
times

Tensile
strength (kPa)

Tensile strain
(%)

Work of
extension
(kJ/m3)

Elastic modulus
(kPa)

As prepared

61 ± 5

960 ± 30

240 ± 20

26 ± 2

1 minute

26 ± 4

700 ± 100

120 ± 20

23 ± 1

10 minutes

48 ± 7

900 ± 100

190 ± 30

26 ± 2

1 hours

70 ± 8

920 ± 50

280 ± 40

31 ± 3

24 hours

58 ± 2

1000 ± 100

230 ± 20

24 ± 1

Compressive properties
As can be seen in Table 7.5, the PVAc/2% w/w gelatin gels displayed impressive compressive
properties, remaining unbroken even when under the maximum applied stress (500 N) of our
device giving a maximum compressive stress of 2.1 MPa. Furthermore, the gels displayed full
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self-healing of compressive properties after just 1 minute of reconnection. Consequently, these
results indicate that these hydrogel electrodes possess excellent mechanical performances which
are more than enough to survive the compressive forces it can be expected to experience in the
GI tract; 0.7 to 67 kPa.136–138

Table 7.5 Compression properties of PVAc/2% w/w gelatin gels measured periodically over a 24
hour self-healing cycle.

Self-healing
times

Maximum
compressive
stress (MPa)

Maximum
compressive
strain (%)

Strain energy
to failure
(J/m3)

Secant modulus
20%-30% (kPa)

As prepared

2.1 ± 0.1

93 ± 5

240 ± 30

60 ± 10

1 minute

2.0 ± 0.1

91 ± 6

220 ± 30

50 ± 20

10 minutes

2.0 ± 0.1

95 ± 3

210 ± 30

60 ± 20

1 hours

2.0 ± 0.1

93 ± 4

210 ± 40

40 ± 10

24 hours

2.1 ± 0.1

94 ± 4

220 ± 20

70 ± 20

7.4.7 PVAc/gelatin electrical properties

Optimised PVAc/2% w/w gelatin samples were severed, manually reconnected and left to selfheal for 1 minute, 10 mintues,1 hour and 24 hours to monitor the self-healing of the electrical
conductivity through impedance analysis, as outlined in section 7.3.5. As illustrated in Table 7.6
the electrical conductivity of these robust, self-healing, edible hydrogel electrodes was found to
be 8.5 ± 0.7 mS/cm. Furthermore, these electrical properties were found to be fully restored near
instantaneously after reconnection with their severed half. This was determined to be a product
of the ionic conducting pathway being facilitated by water and as such, the conductive pathway
is easily restored upon re-joining the two divided pieces as the conducting ions are not bound in
the polymer matrix the way electronic conductors are. This property of instant electrode
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conductivity restoration is a unique advantage of using ionic conduction over more traditional
self-healing conductive hydrogels, such as using a conductive pathway constructed of
polypyrrole378, poly(3,4‐ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS)379 or
reduced graphene oxide.380

Table 7.6 Conductivity of PVAc/2% w/w gelatin gels measured periodically over a 24 hour selfhealing cycle.

Heal Times

Conductivity (mS/cm)

As prepared

8.5 ± 0.7

1 minute

8.8 ± 0.7

10 minutes

8.7 ± 0.7

1 hours

9 ± 0.7

24 hours

9±1

7.4.8 Effect of separation time on self-healing

The effect that separation time of cut samples had on the self-healing efficacy of the PVAc/2%
w/w gelatin hydrogels was investigated by cutting the samples in two, leaving them separated for
1 minute, 10 mintues,1 hour and 24 hours in ambient air before reconnecting them and then
leaving them to self-heal for 1 hour. These parameters were used as the edible electronics were
designed with the understanding that the electronic devices would most likely operate floating on
the surface of any bodily fluid, like most GI devices, so leaving the samples separated in ambient
air was a closer fit to the conditions it would experience in vivo then submerging the gels in SGF.
These healed samples were then analysed using mechanical analysis, outlined in section 7.3.3,
and compared to their as-prepared tensile properties. The results are displayed in Figure 7.8 and
Table 7.7
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It can be seen that full self-healing of the gels could only be attained if the severed pieces were
reconnected within 1 minute of each other; after which, a rapid decrease in mechanical properties
was observed. This was a result of the broken ionic bonds and polymer chains reorienting
themselves into more thermodynamically stable positions and as such were not able to reform
said broken bonds to form one homogenous polymer network. Therefore, for full self-healing to
be achieved these PVAc/2% w/w gelatin gels need to be reconnected within 1 minute of damage.

Figure 7.8 PVAc/2%wt gelatin tensile strength after 1 hour self-healing and after various
separation times.

Table 7.7 Tensile properties of PVAc/2% w/w gelatin gels after 1 hour self-healing and different
separation times.

Separation
times

Tensile
strength (kPa)

Tensile strain
(%)

Work of
extension
(kJ/m3)

Elastic modulus
(kPa)

As prepared

61 ± 5

960 ± 30

240 ± 20

26 ± 2

1 minute

60 ± 5

1100 ± 100

270 ± 30

23 ± 2

10 minutes

21 ± 1

700 ± 100

60 ± 10

20 ± 1

1 hours

15 ± 3

400 ± 100

40 ± 10

27 ± 2

24 hours

11 ± 4

160 ± 60

5±2

20 ± 1
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7.5 Conclusions
Edible devices are an emergent technology which have the potential to allow medical professions
to administer treatment and diagnosis of the GI tract without the conventional risks of retention.
However, to enable the development of these smart bioelectronic tools, materials development is
required so that they can function and survive in this harsh environment. To this effect we sought
to develop an edible, robust, self-healing hydrogel electrode using a hydrogel IPN constructed of
store bought PVAc and gelatin.
It was found that by combining a mixture of 10 g PVAc with different w/w% gelatin, hydrogels
were produced which had synergistic strengthening. By varying polymer loading ratios and
analysing the effect it had on mechanical, electrical and self-healing properties it was found that
an optimal formulation was achieved using 10 g PVAc with 2% w/w gelatin. The tensile
properties of the PVAc/2% w/w gelatin gels were vastly improved when compared to PVAc
hydrogels without gelatin as their tensile strength and elastic modulus went from 21 ± 4 kPa to
61 ± 5 kPa and 9 ± 1 kPa to 26 ± 2 kPa, respectively. In addition to this, the PVAc/2% w/w gelatin
formulation were able to achieve impressive compressive properties, displaying a compressive
stress and strain of 2.1 ± 0.1 MPa and 93 ± 5 %, respectively. Finally, the ionic borax crosslinks
were able to impart the PVAc/2% w/w gelatin IPNs with an ionic conductivity of 8.5 ± 0.7 mS/cm.
Furthermore, these optimised PVAc/gelatin hydrogels display impressive self-healing, as the
strengthening mechanism of these gels relied on high polymer chain mobility and, hence, did not
impede the reforming of the broken chemical bonds. It was found that the tensile and compressive
properties of these hydrogels were fully recovered within 1 hour and 1 minute, respectively, of
reconnection after being cut in half. Moreover, the electrical properties were also found to be fully
restored within 1 minute of reconnection.
Lastly, an investigation was conducted to observe the effect that separation time of cut samples
had on the self-healing of PVAc/2% w/w gelatin hydrogels. It was found that the robust hydrogel
electrodes needed to be reconnected within 1 minute of separation for full self-healing. This was
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due to the broken ionic bonds being able to reorient themselves and reform crosslinks if they were
kept separated for longer than 1 minute.
From the results found during this investigation it has been shown that an edible, robust, fully
self-healing hydrogel electrode can be created for the furtherment of edible device research using
the novel combination of commercially available hydrogels PVAc and gelatin and borax
preservative.
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8.1 Conclusions
The main objective of this thesis was to develop a range of novel materials optimised for
performance in the GI tract, sourced from commercially available, non-toxic components and
modified to display a variety of smart functionalities useful for edible device applications. To
enable the creation of these ingestible devices we first looked at creating edible electrodes
(chapter 3). This was largely achieved via imbuing these ingestible materials with ionic
conduction and analysing the resultant effect on the mechanical and electrical properties. This
first involved developing an electrical characterisation technique capable of determining the
conductivity of hydrogels with a high concentrations of ions.
Previously, our group had developed a method of characterising the conductivity of hydrogels in
the wet state.115 However, this model used for data analysis comprised of a resistive component
in series with a Warburg diffusion element and as such, did not take into account the effect of the
capacitance which resulted from the high concentrations of salt used. Therefore, a new equivalent
circuit model was determined to deduce the electrical behaviour of these ionically conductible
ingestible electrodes more accurately. By modelling the electrical behaviour as a combination of
a Warburg diffusion element in series with a resistor and capacitor, the electrical properties of
these ionically conductive materials was determined. This model circuit was used to characterise
the conductivity of all the conductive hydrogels developed (chapters 3, 4 and 7), starting with the
edible ICE gel formulation (chapter 3).
To design an edible conductive electrode material several requirements needed to be considered.
The electrode needed to be robust enough to withstand the pressure exerted by the GI tract, be
highly conductive so as to be useful for edible device development and be constructed using nontoxic materials. To this effect, ICE gels constructed form gelatin and gellan gum were explored,
since the demonstrated synergistic strengthening of these edible polymers enables a robust
hydrogel which could withstand the harsh conditions of the GI tract (chapter 3). However,
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imparting hydrogels with high conductivity has mainly been demonstrated in the literature using
toxic conductive fillers or dehydration of the polymeric samples, which compromises the
mechanical performance of these hydrogels. Consequently, ionic conduction was explored using
NaCl salt to create charge carriers. However, during materials development studies, it was found
that a simple addition of NaCl prior to polymer gelation resulted in weak gels as the ionic species
initiated charge shielding of the primary amines of the gelatin network, preventing crosslinking
by genipin. Therefore, a solution was found whereby these ICE gels were soaked in a saturated
NaCl solution post-curing to impart them with conductivity, without sacrificing mechanical
properties. As a result of this ICE gel formulation, a robust edible hydrogel electrode was
produced which had a conductivity of 200 ± 19 mS/cm and a compressive stress at failure of 1.4
± 0.2 MPa (chapter 3). Further optimisation of the conductivity was achieved by taking into
consideration the Stokes radii and ion mobility of the conducting ions. As caesium chloride has a
very high solubility and ion mobility it was used to increase the hydrogels electrical performance,
producing gels with a conductivity of 380 ± 30 mS/cm and a compressive stress of 1.5 ± 0.4 MPa.
This was the highest conductivity of a hydrogel electrode in the literature, to the best of our
knowledge, which had a water content above 80% w/w. Furthermore, the maximum compressive
stresses for these ingestible electrodes are higher than the forces it can be expected to experience
in the GI tract; 0.7 to 67 kPa, making them useful components for edible electronics.136–138 The
development of these conductive, edible, robust ICE gels satisfied the first specific aim of this
thesis. Using the NaCl soaked edible ICE gel formulation a variety of ingestible devices were
demonstrated (chapter 4).
Hand-held reactive printing was explored to pattern highly conductive, versatile, edible hydrogel
wires (chapter 4). Typically printed gels are less conductive than their cast counterparts due to the
consecutive layers having trouble crosslinking into a homogeneous gel, hindering the conductive
pathway perpendicular to the planar direction. However, as our developed formulation relied on
ionic conduction the conducting pathway was not damaged during printing and as such the
material retains its electrical properties. This is reflected in the conductivity of the printed gels;
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190 ± 20 mS/cm (chapter 4), which is within the margin of error of the conductivity recorded for
the cast formulation; 200 ± 19 mS/cm (chapter 3).
Two simple edible sensors were developed using the NaCl soaked ICE gels. Firstly, a simple
ingestible resistive strain gauge/pressure sensor was constructed using an ICE gel sample and
determining the correlation between an applied force and the corresponding change in resistance
as the edible electrode dimensions changed (chapter 4). This extremely facile edible device
exhibited a gauge factor and pressure sensitivity of 7.6 ± 0.1 and 400 ± 7 μΩ/Pa, respectively, for
loads up to 3 kPa and 0.308 ± 0.002 and 7.17 ± 0.05 μΩ/Pa, respectively, for loads between 9 kPa
and 280 kPa. Secondly, a more complex edible capacitive pressure sensor was also developed
based on a hydrogel capacitive sensor developed by Suo et al247 but which was constructed using
our edible ICE gel electrodes separated by an edible gelatin dielectric (chapter 4). This edible
capacitive pressure sensor displayed a sensitivity of 0.80 ± 0.06 pF/kPa for a range of 4-20 kPa,
which is the most sensitive hydrogel pressure sensor in the literature, to the best of our knowledge.
The construction of these edible wires and sensors fulfilled the 2nd specific aim of this thesis,
thus the 3rd specific aim of designing an ingestible actuator was explored.
An ingestible actuator was developed using non-toxic superabsorbent poly(acrylic acid) and
common antacid calcium hydroxide (chapter 5). It has been observed that the hydrophilic polymer
poly(acrylic acid) displays volume changes in response to salt solutions.340,381 Therefore, it was
proposed that the use of the antacid calcium hydroxide could be exploited to produce a pH
sensitive ingestible actuator. This actuation mechanism resulted from the neutralisation reaction
of the stomach HCl reacting with the antacid which not only preserved the smart material, but the
produced calcium ions crosslink the carboxylic acid groups of the polymer resulting in a reduction
in volume (actuation). The preservation of the material was proven by exposing poly(acrylic acid)
and poly(acrylic acid)/calcium hydroxide to simulated gastric fluid (pH 1.2) for 1 hour, whereby
the poly(acrylic acid) hydrogels were destroyed and the poly(acrylic acid)/calcium hydroxide
hydrogels displayed a compressive stress of 0.16 ± 0.04 MPa. This compressive stress is higher
than the forces it can be expected to experience in the GI tract; 0.7 to 67 kPa.136–138 Furthermore,
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the poly(acrylic acid)/calcium hydroxide hydrogels displayed a volume change to 17% ± 2% of
their original volume (chapter 5). Lastly, the use of the edible chelating agent sodium citrate was
explored to demonstrate reversible actuation by submerging the actuated samples in 0.1 M sodium
citrate for 2 hours. The poly(acrylic acid)/calcium hydroxide gels were able to restore their
compressive stress to 0.19 ± 0.06 MPa, swelling ratio to 26 ± 2 and volume to 56% ± 3% of its
original volume. This creation of a reversible edible actuating material satisfied the 3rd specific
aim of this thesis. To add to the state of the art of edible device materials development we sought
the produce a robust, porous, elastic, facile, ingestible sponge using PDMS (chapter 6).
Poly(dimethylsiloxane) (PDMS) sponges are an emergent technology which have garnered much
attention in recent years due to their unique mechanical properties, high surface area and
hydrophobicity/oleophilicity. However, large scale production and application has been hindered
by complications in production such as the use of toxic chemicals. Using a hydroscopic calcium
chloride hard template, a PDMS sponge manufacturing technique was developed which removed
the hard template within 6 hours (chapter 6). This method is not only the greenest of the PDMS
sponge preparation techniques as it involves only food grade materials but removes the hard
template faster than any other removable hard templating method in the literature, to the best of
our knowledge. Furthermore, the unique deliquescent properties of the calcium chloride enable a
novel spontaneously self-removing sacrificial template. The deliquescence of the calcium
chloride allowed the salt to solubilise from the moisture in the atmosphere and eject itself from
the hydrophobic PDMS sponge within 4 days. The resulting PDMS sponges displayed excellent
mechanical properties with a maximum tensile and compressive stress of 106 ± 22 kPa and 2.8 ±
0.1 MPa, respectively (chapter 6). Using a linear regression analysis a directly proportional
correlation between pore size and tensile properties was observed. These findings can be utilised
to make PDMS sponges or substrates with customisable tensile properties, such as Young’s
modulus or maximum tensile stress, tailored to specific applications. In addition to this, the edible
PDMS sponges displayed far greater preferential absorption of toxic solvents over simulated
gastric fluid, offering a possible alternative method of toxin removal than conventional stomach175
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pumping techniques. Lastly, PDMS/gold leaf edible electrodes were produced which displayed a
maximum compressive stress and strain of 64 ± 14 kPa and 39 ± 8 %, respectively, and a
conductivity of 44 ± 14 S/cm. The creation of this novel, non-toxic method to produce robust
PDMS sponge substrates for edible device applications fulfilled the 4th specific aim of this work,
therefore the final specific aim of designing an ingestible self-healing electrode was investigated.
The final goal of this thesis was to explore the possibility of making an ingestible4 self-healing
hydrogel electrode for edible device applications (chapter 7). Self-healing hydrogels typically rely
on high chain mobility to initiate self-healing, however, this reliance on high chain mobility
makes the creation of hydrogel which are both robust enough to survive the pressures of the GI
tract and exhibit high self-healing efficiencies very difficult. From our previous work (chapters 3
and 4) it was found that the addition of a secondary network, even in very low concentrations,
imbued the gels with vastly improved mechanical properties. To this effect, as in chapters 3 and
4, we employed the use of a secondary gelatin network to reinforce a primary self-healing borax
crosslinked PVAc network. It was found that 2% w/w gelatin added to a 20% w/w PVAc sample
was the optimal concentration for both self-healing and mechanical robustness. These
gelatin/PVAc hydrogels displayed a compressive stress at failure of 2.1 ± 0.1 MPa and a tensile
stress at failure of 61 ± 5 KPa. Furthermore, these IPNs demonstrated complete self-healing for
compressive properties and tensile properties within 1 minute and 1 hour, respectively, of
reconnection. However, it was discovered that the separated pieces of these hydrogels needed to
be reconnected within 1 minute of separation for full self-healing to be achieved. In addition to
this, the borax ions within these gels imparted the hydrogels with ion conductivity. Therefore,
using the equivalent circuit model developed in chapter 3, the electrical properties of these gels
were determined before and after self-healing. The conductivity of these gels was determined to
be 8.5 ± 0.7 mS/cm (chapter 7). Moreover, this conductivity was instantly restored upon being
reconnected as a result of the ionic conducting pathway being facilitated by water, similar to what
was observed for the hand-held reactive printing in chapter 4. This work demonstrates the creation
of a self-healing ingestible electrode and satisfies the final specific aim of this thesis.
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From the research conducted during this thesis we have developed and analysed a range of novel
ingestible materials sourced from commercially available, non-toxic materials and modified to
display a variety of smart functionalities to aid in the state-of-the art of edible devices
applications.

8.2 Future work
The edible electrodes developed in this research were shown to be robust and highly conductive
enough to be able to be constructed into a variety of simple edible devices, such as pressure and
strain gauges. It was also demonstrated that this formulation can be 3D printed. Therefore, more
work could be employed to combine these techniques to create 3D printable edible devices. This
would allow for the customisation of devices tailored to specific body types and shapes to allow
for more personalised and better treatment for patients. Furthermore, it would be informative to
confirm that the non-monotonic behaviour of the ICE gels formed with calcium ions added pregelation was a result of the calcium ions binding to all available carboxylic acids before they
contribute to conduction. To achieve this an analysis of the gellan gum used should be performed
so as to produce a graph of the data as a function of the Ca2+:COOH ratio.
4D printed materials allow for the conformational change in materials in response to an external
stimuli.382,383 This novel technology allows for unique applications such as edible 4D printed
devices which are printed small so as to be able to be swallowed, but which expand to more
complex structures once exposed to the stomach. To this end our edible actuation formulation
could be combined with hand-held printing to help explore some of the possible shapes and tools
which can be produced. Furthermore, previous studies have shown that the extent to which
poly(acrylic acid) swelling and volume are affected depends on the valency of the cation of the
crosslinkers used, whereby an increase in valency results in faster and greater volume
changes.384,385 Therefore, it is proposed that antacids with higher cationic valency, such as
aluminium hydroxide, should be explored to optimise the edible actuator. In addition to this, the
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remaining pH of the SGF should be collected to aid in the evaluation of the hydrogel actuators
effect on the GI tract.
In addition to this, calcium hydroxide solubility is known to be pH dependent, beginning to
transition from a precipitate to solute at around a pH of 12.41.386 It was observed that changing
the pH of the solution containing the PAA hydrogels with calcium hydroxide from acidic to
alkaline induced relatively fast, reversible volume changes in the samples. This effect was not
able to be explored further due to time constraints, however, it is proposed that an electrically
driven actuation mechanism could therefore be developed using our edible actuator formulation
and electrolysis. Electrolysis is known to result in a pH differential at opposing electrodes,
becoming basic at the cathode and acidic at the anode.387 Consequently, using this reversible pH
differential and calcium hydroxides pH solubility an edible, 3D printed, electrically driven
actuator could be developed with potential applications in avenues such as controlled drug release
or camera endoscopy.
A study of the extraction of toxic solvents from SGF would be vital for the next stage of the study
into the use of PDMS sponges as in vivo applications would have the toxic solvent mixed within
the SGF. To address this, it is proposed that UV-vis spectroscopy and the Beer-lambert law could
be used to determine the extraction efficiency of the toxic solvent via PDMS sponges. This would
be performed by first establishing a calibration curve of known concentrations of toxic solvent
(100, 75, 50, 25 and 0 w/w%) in SGF to determine the molar absorptivity of the solvents, then
measuring the before and after concentration of a 50:50 toxic solvent/SGF solution after being
exposed to PDMS sponges. The difference in concentration of the solutions would then be used
to determine the extraction efficiency of the PDMS sponges for different toxic solvents. Another
avenue for future work, could be the utilisation of the PDMS sponge electrodes to construct robust
edible capacitive pressure sensors like those developed in chapter 4. The capacitive pressure
sensor developed had limitations of durability, recovery time, complex construction and
mechanical robustness. A possible solution could be the utilisation of the PDMS sponge to
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construct these ingestible sensors as they displayed superior mechanical properties in every
aspect.
Lastly, once the capacitive pressures limitations are overcome, a demonstration of an in vivo
application could be explored. To enable this it will require both an edible power supply and a
means to transmit this data to a receiver outside the body. Previous work in the literature could
be adapted for our purposes to achieve this. For example, the edible cuttlefish based sodium ion
battery developed by Kim et al.76 could be investigated as a means to power our capacitive
pressure sensors. Furthermore, a digestible integrated-circuit microsensor was developed by
Proteus Biomedical to inform caretakers when/if patients with Alzheimer’s have taken their
medication.72 This technology could be adapted for our applications so as to provide a signal not
when medication is adhered to, but of a change in capacitance in the pressure sensor from an
applied stress. Finally, once the device is complete animal testing should be explored. However,
edible device research is still in its infancy and as such very few studies exist which have moved
onto animal testing that could be used as a model for edible device in vivo studies. Nevertheless,
a few examples of bioresorbable electronic animal testing exist, specifically lab rats72,83,364,388,
which indicate that standard animal testing procedures are to be used. However, as our
applications are for human ingestion and rodent testing would require very small device designs
for the rodents to be able to ingest them, it is suggested that porcine testing would be a more
appropriate in vivo model to explore.
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